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List of abbreviations and symbols 
 
AFM atomic force microscopy 
AW  Anderson/Weiss formalism 
B0 static magnetic field 
BWR Bloch/Wangsness/Redfield theory 
Cm matching capacity 
Ct tuning capacity 
CPMG Carr-Purcell-Meiboon-Gill 
D self diffusion coefficient 
D(t) apparent diffusion coefficient 
DQ double quantum 
DSC differential scanning calorimetry 
E* effective energy per mole 
FID free induction decay 
G magnetic field gradient 
IODP Integrated Ocean Drilling Program 
LD  the diffusion length scale 
MOUSE® Mobile Universal Surface Explorer (registered mark of RWTH-Aachen) 
NMR Nuclear Magnetic Resonance 
NR natural rubber 
PA46  polyamide 4,6 
PCB printed circuit board 
PDMS poly(dimethylsiloxane) 
PE polyethylene 
PFG pulse field gradient 
PVAC poly(vinyl acetate) 
q reciprocal space 
R universal gas constant 
RF  radio frequency 
S/V Surface to volume ratio 
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SANS small-angle neutron scattering 
SAXS small-angle X-ray scattering 
SEM scanning electron microscopy 
SGSE steady gradient spin echo 
SGSTE steady gradient stimulated echo 
SOPS Surface Opened Solenoidal Coil 
STRAFI stray field 
T absolute temperature 
T1 laboratory frame spin-lattice relaxation time 
T2 transverse relaxation time 
T2eff effective transverse relaxation time 
Tg glass transition temperature 
TAC/DX thermal analysis controler 
UPEN uniform penalty inversion of multiexponential decay data 
FHVˆ  hole free volume 
WAXD wide-angle X-ray diffraction 
∆ν1/2 full line width at half height  
ξ size parameter 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 1. Introduction and Motivation 
 
NMR is a powerful method of investigation with a wide range of applications. 
Magnetic resonance is used in medicine, the oil industry, the food industry, for 
chemical analysis, quality control in industry and construction, analysis of cultural 
heritage, and materials science, in particular polymer analysis. NMR is a very 
important domain in physics today recognized by many Nobel prizes awarded in this 
field of research. The large application range is well represented in this thesis starting 
with simple experiments of water relaxation in porous media, T1 and T2 
measurements for quality control, diffusion experiments and spin diffusion. The 
devices used are varying from low-field mobile NMR to high field laboratory 
spectrometers.  
 There is a multitude of techniques today every one of them with advantages 
and disadvantages. We can choose between them taking into account numerous 
variables, like the amount information extracted, cost, speed, benefits, complexity of 
the method, and comparison with other methods which can by applied to the specific 
problem. The unique feature of NMR is the non-destructive approach, making this 
method a suitable technique for measuring works of art or for complex in vivo 
experiments. The investigation of material properties is one of the most important 
goals of NMR. The mobile sensors developed lately make measurements possible at 
remote locations for some historical buildings or measuring rocks at the drilling 
platform minutes after the extraction. In some particular fields of investigation like 
amorphous samples or biomolecules, we can get structural information only from 
NMR measurements. After about 60 years of research in this domain, the technique 
is one of the most versatile and reliable method in use. 
This thesis starts with a theory section where we discuss about the theoretical 
background of NMR measurements. We summarize T1 and T2 relaxation 
measurements, and then present the theory of free diffusion and some points about 
restricted diffusion in porous media. Then, a basic presentation about microstructure 
of porous media is given, and the spin diffusion theory is discussed in the final part of 
chapter two. Also, a short presentation of the Goldman-Shen experiment; the basis of 
the spin diffusion investigations of rigid and mobile domains in polymers, is given.  
The third chapter relates to mobile NMR and its capabilities to characterize 
materials.  It consists of three types of applications of mobile NMR sensors. In the 
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first part, the Halbach magnet and its capabilities to measure the porosity and pore-
size distribution are presented. After a short technical description of the new sensor, 
we compare its capabilities with those of the normal NMR MOUSE. The sensitivity of 
this design is far superior permitting access to porosity measurements, which 
previously were beyond the reach of mobile NMR. With the Halbach design we can 
monitor the saturation process of a rock by analyzing the T2eff distribution obtained by 
inverse Laplace transformation of the CPMG envelope.  
Another type of low field measurements can be done with the help of the 
single-sided, high resolution sensor developed in our institute [Per2005c].  The NMR 
sensor uses a magnet geometry that generates a highly flat sensitive volume where 
a strong and highly uniform static magnetic field gradient is defined. Self-diffusion 
coefficients were measured by Hahn- and stimulated echoes detected in the 
presence of the uniform magnetic field gradient of the static field. To improve the 
sensitivity of these experiments, a Carr–Purcell–Meiboom–Gill pulse sequence was 
applied after the main diffusion-encoding period. By adding the echo train, the 
experimental time was strongly shortened, allowing the measurement of complete 
diffusion curves in less than 1 min. This method has been tested by measuring the 
self-diffusion coefficients D of various organic solvents and poly(dimethylsiloxane) 
samples with different molar masses. Diffusion coefficients were also measured for 
n-hexane absorbed at saturation in natural rubber with different cross-link densities. 
The results show a dependence on the concentration that is in good agreement with 
the theoretical prediction. Moreover, the stimulated-echo sequence was successfully 
used to measure the diffusion coefficient as a function of the evolution time in 
systems with restricted diffusion. This type of experiment probes the pore geometry 
and gives access to the surface-to-volume ratio. It was applied to measure the 
diffusion of water in sandstones and sheep Achilles tendon. Thanks to the strong 
static gradient, all diffusion coefficients could be measured without having to account 
for relaxation during the pulse sequence.  Another application of this sensor is in 
industry for online characterization of mixtures in chemical reactors. Experiments 
have been made in order to determine if the different phases can be differentiated 
from relaxation experiments. The preliminary work has shown a good potential for 
this kind of application.  
The fourth chapter focuses on high field NMR investigations of solvent 
diffusion in a cross-linked rubber matrix. The self-diffusion anisotropy of n-hexane, n-
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heptane, n-octane, and n-decane in uniaxially compressed natural rubber samples 
with different cross-link densities was detected by pulsed-gradient stimulated spin-
echo NMR. The effective diffusion coefficients and the displacement probabilities of 
alkane penetrant molecules were measured along and perpendicular to the direction 
of the compression force. For all solvents, the diffusion anisotropy increases with 
increasing compression. The microscopic theory of diffusion on the basis of the free 
volume is adapted to predict the dependence of the diffusion anisotropy on the 
deformation ratio. The theoretical dependence is in good agreement with the 
measurements on toluene and n-hexane swollen in cross-linked natural rubber 
samples. The anisotropy of diffusion of small penetrant molecules in elastomers 
could be used for NMR investigations of the deformation of polymer networks by the 
changes in the shape of the free volume. 
The fifth chapter discusses spin-diffusion experiments in polyamide 4,6 (PA 
46) a polymer produced by DSM under the trade name Stanyl. The polymer has 
excellent properties at high temperatures and a large spectrum of applications. In 
order to improve its qualities, a better understanding of its microstructure is required, 
and NMR experiments have been employed in the process. The PA 46 morphology 
and domain sizes characterized by spin-diffusion NMR experiments have been 
investigated as a function of aging time. The investigations shown that the aging 
process affects mainly the rigid and interphase parts of the sample, and to a little 
extent the mobile phase. A model based on a 1D morphology with three domain 
sizes was employed in these measurements.  
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2 Basic NMR Relaxometry and 
Diffusiometry 
 
2.1 Resonance phenomenon 
 
It is traditional in NMR theory to consider the nucleus to be similar to a small bar 
magnet, with a magnetic moment. Quantum mechanic theory says that this magnetic 
moment has discrete orientations in an applied magnetic field. In NMR experiments, 
we observe the magnetic moments of a large number of nuclei (something like 1020), 
so we are seeing the combined effect of these nuclei. If the magnetic moments were 
all to point in random directions, then the small magnetic field that each generate will 
cancel each other, and there will be no net effect. At equilibrium in an external 
magnetic field, the magnetic moments are not aligned randomly but in such a way 
that when their contributions are all added up there is a net magnetic field along the 
direction of the applied field (B0). This is called bulk magnetization of the sample. The 
magnetization can be represented by a vector called the magnetization vector 
pointing along the direction of the direction z of the applied field as shown in Fig 
2.1.1[Kee2002].  
 
Fig. 2.1.1 At equilibrium, a sample has a net magnetization along the magnetic field direction (the z
axis) which can be represented by a magnetization vector [Kee2002]. 
 
 
 
 
 
 
 
Suppose that we have managed, some how, to tip the magnetization vector 
away from the z axis, such that it makes an angle β to that axis. We will see later on 
that such a tilt can be brought about by a radio-frequency pulse. Once tilted away 
from the z axis, we find is that the magnetization vector rotates about the direction of 
the magnetic field sweeping out a cone with a constant angle; see Fig. 2.1.1. The 
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vector is said to precesses about the field and this particular motion is called Larmor 
precession [Kee2002]. 
magnetization 
vector  
 
 
 
 
 
 
Fig. 2.1.2 If the magnetization vector is tilted away from the z axis it executes a precessional
motion in which the vector sweeps out a cone of constant angle to the magnetic field direction.
The direction of precession shown is for a nucleus with a positive gyromagnetic ratio and hence a
negative Larmor frequency [Kee2002]. 
If the magnetic field strength is B0, then the frequency of the Larmor precession is ω0 
(in rad s−1) 
ω0 = −γ B0
or if we want the frequency in Hz, it is given by 
00 2
1 Bγπυ −=  
where γ is the gyromagnetic ratio. The frequency at which the magnetization 
precesses around the B0 field is exactly the same as the frequency of the NMR line 
we see from the spectrum on one spin. 
 
2.2 Relaxation in NMR experiments 
 
2.2.1 Introduction 
In NMR experiments, the observable are the transverse magnetization and the   
longitudinal magnetisation, i.e., the magnetization component along the quantization 
direction. In laboratory-frame experiments, this direction is given by the external 
magnetic field B0. This is replaced by the effective field Be in so-called rotating frame 
experiment [Kee2002]. The relevant spin energy is defined by the Zeeman levels. 
The relaxation of the populations of these levels toward equilibrium is connected with 
an energy exchange associated with the degrees of freedom in the matter (the 
“lattice”). The relaxation mechanism of this sort are therefore summarized as spin-
lattice relaxation and with the time constants T1 and T1ρ in laboratory and rotating 
frame, respectively. A synonymous term is longitudinal relaxation reminding us of the 
 
 
 6
magnetization component involved. The relevant observable is  where 
the sum, in principle, concerns all members of the spin system considered 
[Kee2002].  
∑= j zjZ IM ,
We consider a system whose nuclei posses spin ½. Since there are many 
nuclei in our macroscopic sample, we shall specify the number in the two m states 
+1/2 and  –1/2 by N+ and N-, respectively. The total number of spins N is constant, 
but application of an alternating field will cause N+ or N- to change as a result of 
transitions induced. Let us denote the probability per second of inducing a transition 
of a spin with m=+1/2 to a state m=-1/2 by . We shall denote the reverse 
transition by . We can then write a differential equation for the change of the 
population N
( ) ( )−→+W
( ) ( )+→−W
+[Sli1996].  
    ( ) ( ) ( ) ( )−→++→−−+ −= WWNdt
dN .             (2.2.1) 
Without attempting to compute  or , we note a famous formula from 
time-dependent perturbation theory for the probability per second than an 
interaction V(t) induces a transition from a state (a) with energy E
( ) ( )+→−W ( ) ( )−→+W
baP →
a to a state (b hose 
energy) Eb: 
   ( ) ( )ωδπ hh −−=→ baba EEaVbP 22 .          (2.2.2) 
Since ( ) ( ) 22 aVbbVa = , we note that  is the same as the rate . Such an 
argument describes many situations and leads to the conditions: 
baP → abP →
( ) ( ) ( ) ( ) WWW ≡= +→−−→+  
( )+−+ −= NNWdt
dN .           (2.2.3) 
It is convenient to introduce the variable −+ −= NNn , the difference in population of 
the two levels. The two variables N+ and N- may be replaced by n and N, using the 
equations:  
−+ −= NNN   −+ −= NNn        (2.2.4a) 
)(
2
1 nNN +=+  )(2
1 nNN −=− .      (2.2.4b) 
Substitution of (2.2.4b) into (2.2.3) gives us: 
Wn
dt
dn 2−=            (2.2.5) 
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the solution of which is: 
Wtenn 2)0( −=           (2.2.6) 
where n(0) is the value of n at t = 0. We note that if initially we have a population 
difference, it will eventually disappear under the induced transitions. The rate of 
absorption of energy dE/dt is given by computing the number of spins per second 
that goes from lower energy to the upper, and by subtracting the number of those 
that drop down, emitting energy in the process: 
WnWNWN
dt
dE ωωω hhh =−= −+ .          (2.2.7) 
Therefore, for a net absorption of energy, n must be nonzero; that is, there must be a 
population difference. We see that when the upper state is more highly populated 
then the lower, the net absorption of energy is negative – the system supplies more 
energy then than it receives. A more serious difficulty is seen if we assume W=0 (that 
is, we do not apply the alternating magnetic field). Under these circumstances our 
equations say that . The populations cannot change.  0/ =+ dtdN
The preferential alignment of the nuclear moments parallel to the field 
corresponds to N+. Being greater then N-. (N-=0 would represent perfect polarization, 
a state we should not expect to find at the temperatures above 0). The final 
equilibrium populations  and  are then given by: 0+N
0
−N
kTHkTE ee
N
N //
0
0
0hγ−∆−
+
− == .         (2.2.8) 
We must postulate, therefore, that there exists a mechanism for inducing transitions 
between N+ and N-, which arises because of the coupling of the spins to some other 
system. Let us denote the probability per second that such a coupling will induce a 
spin transition upward in energy (from +→ -) by W↑, and the reverse process by W↓. 
Then we have a rate equation: 
↑−↓+= +−+ WNWNdt
dN .         (2.2.9) 
In fact, since in the steady state 0/ =+ dtdN , (2.9) tell us that: 
↓
↑=
+
−
W
W
N
N
0
0
.         (2.2.10) 
By using (2.8), we find that the ratio of W↓ to W↑ is not unity but rather is  
kTHe
W
W /0hγ=↓
↑ .        (2.2.11) 
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The thermal transition requires a coupling and another system that is in an 
energy state that permits a transition. The rate of transition of the nucleus will 
therefore depend not only on the matrix elements but also on the probability that the 
reservoir will be in a state that permits the transition. Combining the rate equations 
for thermal processes and transitions and considering the T1 “spin-lattice relaxation 
time” we get the rate of absorption of energy dE/dt equal to  
1
0 21 WT
WnWn
dt
dE
+== ωω hh ,       (2.2.12) 
where T1 is given by )(
1
1
↑+↓= WW
T
[Sli1996]. 
The lattice comprises all mechanical degrees of freedom in the form of an 
effectively unlimited heat bath assumed to remain permanently in thermal 
equilibrium. The spin transitions induced under the weak-collision condition are 
accompanied by transitions of the quantum-mechanical system of the lattice in the 
opposite direction. That is, lattice-transition operators should be involved in principle.  
However, with the exception of relaxation by spin-phonon coupling the quantum 
mechanics of the lattice need not to be taken into account. Relaxation theories 
referring to the thermal but not to the quantum-mechanical properties of the lattice 
are termed semi-classical. This description is adequate for the most cases of 
practical relevance.  
 
2.2.2 Limits and definition for transverse relaxation  
Transverse relaxation refers to the attenuation of coherences, which are entirely 
absent when thermal equilibrium is reached. In the case of single-quantum 
coherences, the transverse-relaxation can be detected directly. By contrast, multiple-
quantum coherences must be probed indirectly by transfer to single quantum 
coherences after a certain relaxation interval. The origin of transverse relaxation is 
spin-spin interaction. One distinguishes “secular” (slowly varying) from “no-secular” 
(rapidly varying) spin interactions. The latter induce spin transition connected with 
energy exchange with the lattice, and, hence mediate the energy transfer between 
the spin system and the lattice. This is the background of the spin-lattice relaxation 
phenomenon. The same mechanism contributes also to the transverse relaxation. 
Incoherent spin transitions introduced by random perturbation simultaneously destroy 
any correlation among the spin-precession phases. Transformed to the frequency 
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domain, one can speak of lifetime line-broadening in the sense of Heisenberg’s 
uncertainty relation.  
 The secular spin-interaction terms cause additional and often more efficient 
coherence loss. The prominent feature of secular spin interactions is that either they 
are not effective in inducing spin transitions, or the transitions they induce are spin 
energy conserving. That is, spin-energy transfer to the lattice they are not included. 
Despite the absence of any energy dissipation process, transverse relaxation by 
secular interactions to a certain degree is of an irreversible nature as expected 
according to thermodynamic principles. The usual definition of transverse relaxation 
is closely connected with experimental measuring procedures such as the recording 
of FID’s or, in the presence of inhomogeneitis, of 180o-pulse Hahn echoes. The 
coherences attenuations observed under such circumstances can partly have a 
reversible character. The mere change of the RF-pulse sequence to more elaborate 
forms of spin manipulations such as solid-echo or magic-echo procedures can partly 
recover coherences without renewed excitation of virginal coherences starting from 
the equilibrium. The factors important for irreversible coherences losses mediated by 
secular interaction are molecular motion causing fluctuation of the spin interaction 
during the measuring process, and the size of the spin system defined by the number 
of spins which are linked by interactions. 
 
2.2.3 Irreversibility and spin-system size 
In the absence of molecular motion, an ensemble of isolated small spin systems 
coherently excited by an RF pulse evolves under secular spin interaction in a largely 
reversible way. Provided that suitable pulse sequences are employed, coherence 
evolution in an ensemble of dipolar–coupled two-spin ½ system of spin 1 nuclei can 
be entirely reversible if non-secular terms are absent. However, if the spin systems 
are larger as they tend to be in solids where a whole network of dipolar interaction 
may link more or less all spins on the sample, the coherence-evolution is getting 
more complicated. This is a matter of the large number of spins involved. We are 
dealing here with a many-particle problem, which intrinsically implies a chaotic 
element. Hence, the coherence losses under non-secular condition are quasi-
irreversible. For the large dipolar network at time evolution of coherences t << T2 the 
magic echo pulse sequence is able to refocus almost completely the coherences 
evolution. Nevertheless, for t > T2 the irreversible behavior of coherences in many 
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spin systems starts to be present and magic echo pulse sequence is not able to 
refocus completely the spin coherences.  Note that this diminution in the coherence-
evolution reversibility under secular interactions begins already with spin systems 
larger than two.  
 
2.2.4 Irreversibility and molecular motion 
Molecular motion is the second reason for the irreversible attenuation of coherences. 
The refocusing of coherences by solid-echo techniques requires that the local fields 
arising from secular spin interactions are stationary on the time scale of the 
experiment. However, molecular motions cause fluctuations of the spin interactions 
and, hence, of the local fields. That is, coherence dephasing of even very small 
systems such a two-spins ½ systems or isolated spin 1 nuclei adopts an irreversible 
character irrespective of any non-secular interactions.  
 
2.2.5 Classification of transverse relaxation 
For a better interpretation of transverse-relaxation experiments, it is helpful to make 
the following distinctions [Kim1997]: 
- Transverse relaxation of small or large spins systems in the complete 
motional-averaging limit, 
( ) 1<<∆ crlτ  
is governed by secular spin interactions for  
10 >>cτω  
and by secular as well as non-secular spin interactions for  
10 <<cτω  
(extreme-narrowing limit). The correlation time of the fluctuating interactions is cτ , the 
quantity is the linewidth in the absence of molecular motions, and ( )rl∆ 0ω  is the 
resonance frequency. The fluctuation rate of the spin interactions exceeds the 
transverse-relaxation rate in any case. A theory adequate for this situation is 
Bloch/Wangsness/Redfield (BWR) theory [Kim1997].  
- Transverse relaxation of large spin systems in the rigid-lattice limit, 
( ) 1>>∆ crlτ  
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is governed by secular spin interaction which now tend to be quasi-stationary on the 
time scale of transverse relaxation. This situation is considered as one of the typical 
limited cases of the Anderson/Weiss (AW) formalism, as outlined in [Kim1997]. 
- Transverse relaxation of small or large spin systems halfway between the 
motional-averaging and rigid-lattice limits, that is, 
( ) 1≈∆ crlτ ,  
is governed by secular spin interactions. However, the fluctuations are still not fast 
enough to fulfill the perquisites of the BWR theory. Therefore, the AW formalism will 
be considered again.  
Transverse relaxation of large spin systems a) and b) for partially complete 
/partially incomplete motional averaging. That is, the motions are strongly anisotropic 
with a) components obeying:  
( ) 1)( <<∆ acrlτ  
and b) components complying with:  
( ) 1)( <<∆ bcrlτ  
where  and  are the respective correlation times. Transverse relaxation is 
then governed by secular as well as non-secular interactions concerning components 
a), and by secular interaction alone regarding components b). This situation of multi-
componential motion typically arises in polymers, liquid crystals, and adsorbate 
molecules on surfaces. Since b) is biased to govern the transverse-relaxation rate, 
the applicability of the BWR theory is still restricted. One therefore often refers to the 
AW formalism again, or in context with polymers to more sophisticated variants 
emerging from the same principles.  
)(a
cτ )(bcτ
 
2.3 Diffusion  
 
2.3.1 Free diffusion 
A measurement of molecular motion can reveal information about the microstructure, 
of a material different from the static imaging. Certain geometries are suitable for 
diffusion measurements and the limits for resolution can be many orders of 
magnitude smaller than those in imaging. The detected NMR signal is a coherent 
superposition of signals from a very large number of spins. 
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In general, the motion of a molecule can be characterized by some time-
dependent displacement ri(t). This function will vary in a random way from molecule 
to molecule. So for a good characterization we have to take a statistical approach to 
this problem, and a probability function has been used. This function concerns the 
probability that a particle has a displacement r’ at the time t, depending on the time 
interval t and the starting position r. One important function used is the self-
correlation function Ps(r|r´, t) that gives the chance that a molecule initially at r will 
move to r´ is a time t. For this kind of function, the pulsed gradient spin echo PGSE 
provides the necessary labelling for measuring the self-correlation at a microscopic 
level. The total probability ),'( trψ  of finding a particle at position r´ is given by  
drtPot s ),|(),(),'( rrrr ′= ∫ψψ ,                                           (2.3.1) 
where )0,(rψ  is the particle density )(rρ . This function is applied in the case of self-
diffusion. In this case we do not have a concentration gradient but ),'( trψ  can 
describe the probability of finding a particle at a certain place and a certain time.  In 
terms of Ps referring to the coordinate r´, initially: 
)()0,|( rrrr −′=′ δsP .                                                 (2.3.2) 
   The classical description of diffusion is via Fick’s law   
sPD∇′−=J ,                                                             (2.3.3) 
 where J is the “conditional probability flux”. Because the total conditional probability 
is conserved, the continuity theorem applies and 
tPJ s∂−∂=∇′ .                                                            (2.3.4) 
  Combining these two equations, we obtain Fick’s second law,  
ss PDtP
2∇′=∂∂ ,                                                            (2.3.5) 
 where D is the molecular self-diffusion coefficient. The solution of equation (2.3.4) is 
obtained considering the boundary condition for unrestricted self-diffusion PS→0 at 
r’→∞ , and equation (2.3.5): 
  { }DtDttPs 4/)(exp)4(),|( 22/3 rrrr −′−=′ −π .                     (2.3.6) 
From this equation we can observe that Ps depends only on the net displacement, r´-
r and is independent of the initial position r, so that PGSE NMR measures only the 
net displacement. After some calculation we obtain:  
( ){ }DttVZDttZP zS 4/exp)4(),( 22/1 −−= −π .                (2.3.7) 
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In the case of narrow pulse approximation in a standard PGSE experiment we 
observe a phase shift γδG·r to a spin located to a at position r at the instant of the 
pulse. This phase shift is subsequently inverted by the 180y Rf pulse. We assume 
that the molecule is moving to r´ at the time of the second gradient pulse. The net 
phase shift following this pulse will be γδ G (r- r´). The size of the shift is the product 
of two vectors, the dynamic displacement (r- r´) ant the vector γδ G. We can define 
the “echo signal” as the  [Cal1991]. The equation can be written: ( )g∆E
( ) ( ) ( )( ) ( )[ ] rr´r´-rGrrrG dd⋅∆= ∫∫∆ γδρ iexp,t´,PE s       (2.3.8) 
Defining a reciprocal space q where q=(2π)-1γδG and making the substitution r´=r+R 
(where R is the dynamic displacement) the equation (2.3.8) can be rewritten: 
RRq Rq d)iexp(),(P)(E S ⋅∆= ∫∆ π2 .      (2.3.9) 
The Eq. (2.3.7) combined with Eq. (2.3.9) gives [Cal1991]:    
   .      (2.3.10) ( ) dZ)Zπiexp(D/Zexp)D()(E /  q q 244 221 ∆−∆= −∞
∞−
∫ π
The Fourier transform of the Gaussian function ( ) ( )222/12 2/exp2 σπσ Z−−  is simply 
( )2/4exp 222 σπ q− .  In this example  is the mean square distance 2σ 2Z travelled by 
the spins, and E57q. (2.3.10) gives: 
( )2222exp)( ZqqE π−=   or  ⎟⎠⎞⎜⎝⎛− 222221 ZGexp δγ               (2.3.11a) 
( )∆−= Dq 224exp π   or  ( )∆− DGexp 222δγ     (2.3.11b)  
Incorporation of flow is straightforward. The conditional probability for diffusion 
superposed on flow is the convolution of PS for v=0 with the delta function, ( )∆− vZδ . 
In consequence its Fourier transform is the product of the Eq. (2.3.11) and the 
Fourier transform of ( ∆− zvZ )δ , namely, )2exp( ∆zqvi π . In this case  
( )∆+∆−= zvπiDqexp)q(E q 24 22π                 (2.3.12a) 
( )∆+∆−= zvi γ DGexp G  δδγ 222 .    (2.3.12b) 
This equation is valid in the narrow pulse approximation limit, where for finiteδ , the 
effective diffusion time takes the reduced value 3/δ−∆  while the effective flow time 
is unaltered.  
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2.3.2 Restricted diffusion 
 
2.3.2.1 Introduction 
The translational motion of molecules in a heterogeneous structure will be influenced 
by boundaries. Restricted diffusion is widely present in nature (water inside a cell, oil 
molecules in plant or food material, water in porous media). These restrictions mean 
that the distribution of displacements described by the conditional probability Ps 
(r/r’,∆) may no longer be Gaussian and will have a time dependence characteristic of 
the length scales and the molecular self-diffusion coefficient. This characteristic 
behaviour is potentially very useful since it offers the possibility of probing the 
microstructure. A keystone of modern statistical physics is the theory of Brownian 
motion, random walk and diffusion. In the coarse-graining paradigm, first introduced 
by Einstein [Ein1956, Hah1950], for times much larger than the times for underlying 
molecular collisions, the mean square displacement of diffusing molecules grows 
linearly with time, that is, 
( ) ( )[ ] ( )ttdDt 20 2 =−′ rr .                    (2.3.13) 
Here the equation denotes the average over all initial r(0) and final positions r´(t) (see 
Eq. 2.3.13), and d is the dimensionality of the system. For unrestricted diffusion in an 
unbounded medium D(t)=D0 the time independent bulk constant, which appears in 
the usual  Fick’s law. The diffusion coefficient D0 depends on the type of molecule 
and the fluid it is diffusing in: hence, it is widely used as an indicator of the type of 
molecule and the fluid. In confined geometry D(t) depends on the observation  time 
and carries information about the structure that restricts the motion. More generally, 
the diffusion coefficient is a symmetric 3 X 3 tensor [Hah1950], but here we consider 
only isotropic cases.  
 When molecules are contained in interstices or pores or are blocked by tissue 
walls, their motion is hindered by the restricted geometry. Restricted motion of 
molecules in complex structures is important in many areas of science, engineering, 
and medicine. Examples can be taken from biology (nutrient transport, perfusion, 
membrane function, blood flow), catalysis, foodstuff, materials (concrete, cement, 
polymer networks, self-organizing materials), and geology (fluid movement in 
hydrocarbon reservoirs, ground water migration, contamination). The local geometry 
leaves a fingerprint, so to say, on a diffusion coefficient; changing it from the putative 
bulk D0 time independent value to a time-dependent D(t). NMR measurements give 
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us an unprecedented opportunity to obtain detailed information about the nature of 
the selective pathways, i.e. the relative permeability (flow channels of specific fluids).  
Dynamics of molecules involving relatively large displacements through 
diffusion and flow are particularly suited for probing time and space correlations in 
porous media. The “inverse method” is used to extract information about the 
confining geometry from the time-dependent diffusion coefficient D(t) of mobile 
molecules confined in porous media using NMR methods.  
NMR diffusion in bulk fluids started more than half a century ago [Hah1950, 
Car1954, Tor1956]. The effect of restriction of motion on the NMR signal was noted 
first by Wossener [Woe1963], but was put on a firm foundation in the context of 
pulsed gradient spin echo NMR by Stejskal and Tanner [Ste1965, Ste1965a, 
Tan1970, Tan1976, Tan1993] and by Packer [Pac1972]. NMR has become a 
powerful non-invasive method for measuring D(t) in porous and cellular media, and 
we describe the theoretical results mainly in the context of NMR experiments on 
molecules carrying a nuclear spin (hydrogen in water or xenon) [Ste1965, Ste1965a, 
Tan1970, Tan1976, Pac1972, Pac1996, Joh1996, Kar1981, LeB1995, Cal1991, 
Kim1997, Bas1994, Cor1990, Mit1992, Mit1992a, Mit1993, For1993, Hür1994, 
Sen1994, Lat1993, Mai1998, Mai1999, Mai2002]. Experimental observation of the 
dynamics (diffusion) of molecules reveals unique information that cannot be obtained 
from traditional bulk measurements.  
 The diffusion equation for bounded regions is amenable to “spectral 
decomposition” in terms of eigenmodes and eigenfrequencies. Stejkal and Tanner 
showed that NMR experiments give us directly the Fourier transform of the diffusion 
propagator or the Green’s function of the diffusion equation–the most fundamental 
quantity describing the displacement. Tanner [Tan1993] introduced a numerical 
method to study D(t) for diffusion across permeable barriers. Brownstein and Tarr 
[Bro1979] used traditional modal analysis of the diffusion equation to infer information 
about geometry. The strategy involves fitting observed data to results of “forward 
modelling”, that is, to responses that are worked out numerically or analytically for 
specific model systems. Although analytical and numerical solution exists only for 
simple geometries, this strategy works extremely well in many cases, for example in 
extracting diameters of spherical and cylindrical cells in monodisperse samples.  
 In most geological and biological systems, the shapes of pores are complex, 
connecting passages are tortuous, connectivity is random and, above all many length 
 
 
 16
scales come into play. For well-connected systems there is a continuum of 
eigenmodes. Inversions by the above techniques, thus, become impossible. For 
complex systems, even the forward problem becomes unsolvable let alone the 
inverse problem. One alternative strategy was proposed by Kac in his study “Can 
One Hear the Shape of a Drum?” This strategy is relevant in our case because the 
vibration of membranes is described also by the diffusion equation. Kac was asking if 
one can infer the geometric shape of a drum from knowing the drum’s frequencies of 
vibration (eigenfrequencies). Kac was unable to find an answer to this question, and 
recently it was proven that the answer is no [Gor1996]. However, Kac showed that 
both, the area of a drum membrane, and the length of its perimeter affect the short-
time behaviour of certain functions of a drum’s spectrum of normal modes. In other 
words, one can “hear“ a drum’s area and perimeter.  These results are universal–that 
is, they do not depend on the solution of the forward problem for specific shape.  
 These insights have prompted new analyse of the time-dependent diffusion 
coefficients of more complex systems in terms a few geometrical parameters, such 
as the surface-to-pore-volume ratio S/Vp and the average curvature [Mit1992, 
Mit1992a, Mit1993]. In systems where surface interactions drive the chemistry (e.g., 
biology, catalysis, colloidal science, as well in transport in porous rocks), S/Vp is a 
key parameter that is directly analogous the perimeter of the drum. The importance 
of S/Vp is particularly paramount for systems with characteristics sizes in the micron 
range where NMR is unsurpassed as a tool.  
 At short times, D(t) of all smooth porous media can be expressed by a simple 
universal equation with the characteristic lengths of  the system expressed in units of 
the diffusion length tD02 , the scale parameter. A universal feature in D(t) 
determines the S/Vp in a robust manner [Mit1992, Mit1992a, Mit1993, For1993, 
Hür1994, Sen1994, Lat1993, Mai1998, Mai1999, Mai2002, But2002, Joh2001, 
Hel1995]. The equation used is   
( ) ⎥⎦
⎤⎢⎣
⎡ −=
V
SLDtD Dπ9
410 ,       (2.3.14) 
where D(t) is the apparent diffusion coefficient, D0 is the bulk diffusion coefficient, LD 
the diffusion length scale, S surface of the pore, and V the volume of the pore (see 
Appendix A for demonstration). In most cases of interest in biology or geology the 
boundary condition corresponds to either reflecting walls, i.e. the derivative of 
magnetization is zero, or to weakly relaxing walls see equation 
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0);,();,(ˆ ´´0 =+∇⋅ ∑∈rrtrGrtrGnD ρ . The connectivity plays an important role and one 
needs to go beyond the short time asymptotic limit of Kac. We explore the universal 
feature in the long-time behaviour of D(t), and the influence of geometrical features 
such as the tortuosity of the porous media on D(t). Here the equation for D(t) 
provides more of a scaling relation, i.e., some of the constants cannot be given 
exactly. The long time tortuosity limit D(t→∞)=D/α is exact, but how it approaches this 
limit is only given as a scaling relation (except in special cases).  
 
2.3.2.2 The mean square displacement in porous media  
In a totally confined geometry, the mean square displacement is bounded at long 
times by the size of the confining cell LS, i.e., ( ) ( )[ ] →− 2' 0rr t constant . This can 
be understood as follows: at long times, the particles will lose the memory of their 
initial positions, and the final positions will be uniformly distributed. So  
2
SL×
( ) ( )[ ]2' 0rr −∞→t  is given by the volume integral over the initial and the final 
positions . Here V[ ] ( ) 22'2' / Sp LVdd ∝−∫ rrrr 33 p is the pore volume. Thus, at long 
times,             
( ) 0
6
2
→∝
t
LtD S           (2.3.15) 
as 1/t, . We will see next that in well connected systems, D(t) approaches  a 
nonzero “tortuosity” limit with a 1/t dependence. 
∞→t
   
2.3.2.3 Long-time behavior: well connected systems  
These two simple limiting cases, that is, a) completely free diffusion with , a 
time-independent constant, and b) completely bounded diffusion according to Eq. 
(2.3.15), D(t→0) as 1/t, give us important insight into how the geometry affects the 
time dependence of the mean square displacements and hence D(t). There are a 
vast number of porous media where the pores are interconnected and displacement 
is restricted only by the pore walls. Most biological tissues and sedimentary rocks fall 
in this category. In a well connected porous medium D(t) approaches, a nonzero 
finite value, at long times, reduced by a geometrical factor, known as the tortuosity α, 
( ) 0DtD →
( ) α0
D
tD →∞→ .                  (2.3.16) 
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The coefficient α is a dimensionless number that defines the limit of diffusion and 
conductivity Eq. (2.3.16). The tortuosity plays an important role in various transport 
processes in porous media. In porous rocks made of insulating grains, the 
conductivity α of rock is proportional to the conductivity σw of the interstitial fluid 
through a geometrical factor F, which also relates to α=FΦ, where Φ is the porosity, 
i.e., the volume fraction of the fluid,                 
F
wσσ =    ( ) φF
DtD 0=∞→ .        (2.3.17) 
So, at long times we expect that the mean square displacement grows linearly in time 
but with an effective diffusion constant D0/α. The data derived from electrical 
conductivity measurements have been compared successfully in many cases to 
diffusion derived data in the long-time limit [Hür1994]. A large literature on the theory 
of transport in complex porous media is devoted to the computation of the 
conductivity and hence of F and α. Very few analytical results are known. For 
example, in packs of spherical beads, φα =  compares well with experimental data 
[Mai2002, Joh1981]. 
 The way the long-time limit D0/α is approached contains information about the 
pore geometry. In connected porous media, there are some directions that are open 
and some that are restricted. Imagine walking in a labyrinth–you may run into a dead 
end in the direction you are walking, but then if you take a turn, you may keep 
walking. A collection of capillary tubes is often used to model porous media as they 
offer a combination of restriction and openness.  
Hahn first discussed unrestricted diffusion in a constant gradient g in his 
seminal paper on spin echoes [Hah1950]. The Hahn echo is a spin echo that forms 
at time 2τ upon applying a π pulse at a time τ after the initial 2/π  pulse (90o – τ –
180o – τ – echo). If there were no diffusion, the entire magnetization would refocus 
(neglecting relaxation). The random walk of the spin in the gradient field causes the 
phase of the spin to vary randomly with its location, resulting in attenuation. For 
unrestricted diffusion,  
⎭⎬
⎫
⎩⎨
⎧−= 32200 3
2exp τγ gDMM ,      (2.3.18) 
where is the echo height, ∫= )(rdrMM ∫= )(00 rdrMM the total initial magnetization. 
Thus, the echo attenuation gives D0. We discuss later how restrictions affect the 
Hahn echo, but for now we consider the PGSE (pulsed-field-gradient-spin-echo) the 
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preferred method of measuring diffusion. In an ideal PGSE experiment [Ste1965] the 
spin echo radiofrequency pulse sequence is combined with the application of two 
gradient pulses of strength g and duration δ. The effect can be represented 
  
schematically as shown in Fig. 2.3.1.  
ke the narrow pulse approximation for PGSE, and neglect motion of the 
molecu
´r
rr
Fig.2.3.1 A conceptual representation of the Stejskal-Tanner pulsed-field gradient spin-echo
method. After the second gradient pulse, an echo forms (not shown) whose amplitude gives the
Fourier transform of the propagator. Interpulse time sets the diffusion length scale to tD02 . The
second length scale, also to the disposition of the experimentalist, that is used in “q-space imaging”,
is the length of the wave factor q ≡ γδg of the phase “grating” (δ is the duration of g). For small q,
the echo amplitude gives the diffusion coefficient (restricted or free).   
We ma
les during the time δ, that is, assume that δ<<t, the diffusion time between the 
gradient pulses. The first gradient gives a phase shift of γδg r, to a spin at the 
position r. Physically, the gradient pulse imprints a phase “grating” of the wave vector 
q ≡ γδg, and q is a tunable parameter at the disposal of the experimentalist.  
We make the simplifying assumptions 0→δ  and g ∞→  such that q remains 
consta t timent. If a spin originally at r´ diffuses to r a  t, its net phase change after the 
second pulsed gradient is q· (r – r´). The second gradient pulse acts to read the 
dephasing effects due to motion of the spins involved. In the absence of diffusion, r ≡ 
r´, the effects of these two gradients cancel exactly. The spin echo amplitude for an 
ensemble of spins can be described by the superposition of transverse magnetization 
from the spins having the appropriate phase factors, that is, 
( )'rrqq −⋅−= ietM ),( .        (2.3.19) 
Here the eq. 2.3.19 denotes the sums (integrals) over all initi  and e coral th responding 
final positions of all moving particles. Equivalently, the signal at the exact echo time 
(suppressing the T2 relaxation term) for an ensemble of spins can be described by 
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the superposition of the transverse magnetization weighted by the probability of 
moving from r´ to r: 
( ) ( ) ( ) ( )∫∫ −⋅−−⋅− == 0,,,),( '' ' 'rrq''rrq rrrrq MetGdxdetM ii .          (2.3.20) 
Here the integration is over all initial r´ and final positions r and M(r´, 0) is the initial 
magnetization that is proportional to the spins starting out at r´ at t=0. The propagator 
( )';, rr tG  denotes the conditional probability density that a spin starting out at position 
p at r after a time t. Many different NMR methods have emerged since the 
work of Stejkal and Tanner, and there are many excellent places for more thorough 
reviews [Pac1996, Joh1996, Kar1981, LeB1995, Cal1991, Kim1997].  
 
r´ ends u
.3.2.4 Restricted diffusion in inhomogeneous magnetic fields and edge 
trictions slows the diffusion rates of the spins that come into contact 
en 
succes
on the type of molecules and their local 
enviro
carry the fingerprint of the geometry and the mineralogy.  
2
enhancement  
Geometrical res
with the walls, and hinder their advance into regions with different local field values. 
Thanks to this effect, diffusion in inhomogeneous fields has become a powerful tool 
for probing the structure of confining geometries [Bar1992, Swi1995, Son1998, 
Saa1996, Hür1995, Swi1994, Wei1994, Son2000, Son2003, Zie2000, Axe2001, 
Zie2002]. Non–uniform-gradients arise in media with strong susceptibility contrast. 
 These internal fields carry the fingerprint of the pore geometry and have be
sfully used to probe the structure of porous media [Wei1994, Son2000, 
Zie2000]. A particularly interesting use in NMR microscopy is known as the “edge 
enhancement” where the diffusion in gradient causes spins in the most of the 
samples dephases and hence become “invisible”. Signal from the spins near the 
boundary survive, because they diffuse les-the signal is “localised” near the 
boundary. This allows one to observe features (i.e., barriers) at submicron resolution, 
which not possible by other NMR methods. 
 Motion on a molecular level reports 
nments. Here NMR provides a unique, non-invasive probe. NMR covers a wide 
range of lengths, from tumbling a on molecular dimension to diffusion over 0.1 µm to 
the cm scale, and times ranging from nanoseconds to seconds  (or even hours for 
gaseous Xe). Other probes of molecular dynamics, such as neutron and light 
scattering, are not useful for these length scales and for opaque rocks. Unlike the 
other methods, the NMR methods can report on the range of susceptibility fields that 
 
 
 21
The spin dynamics carry information on the landscape of the susceptibility 
fields including restrictions and interaction with walls. The restricted diffusion 
coeffic
 D(t)) 
 
2.4 Spin diffusion. Domain sizes and internuclear 
he characterization of a polymeric material in terms of its structure on a nanometer 
resents an important aspect of polymer analytics in the solid 
 interaction, which makes the process very efficient. 
 
ient can be used to obtain the following: 
1. Fluid types (diffusion-relaxation) corelation 
2. S/Vp  and surface relaxivity ρ (short-time
3. Macrolength and tortuosity (long-time D(t)) 
4. Submicron features via edge enhancement. 
distances from spin diffusion and dipolar couplings 
 
2.4.1 Introduction 
T
to micrometer scale rep
state. Through magnetization diffusion, which is mediated by dipolar couplings, solid 
state NMR permits to probe distances up to 200 nm. (Note that by contrast in NMR 
spectroscopy the localized nature of the quadrupolar and chemical-shift interactions 
is essential for the analysis in terms of chemical moieties, in particular in disordered 
systems, e.g. amorphous polymers). 2D and 1D exchange experiments allow for a 
combination of spectroscopic information with the dipolar multi-step magnetization 
transfer, termed “spin diffusion” by [Blo1949]. The characteristics of the dipolar 
magnetization transfer depend somewhat on the spin species concerned, in 
particular on its abundance and on the strength of the dipolar couplings compared to 
other interactions. The 1H and 13C spin diffusion interaction processes are the most 
relevant in polymeric systems.  
 For 1H spin diffusion in typical organic polymers, the proton–proton dipolar 
coupling is by far the dominating
By contrast, in unmodified “proton driven” 13C spin diffusion, the essential 13C-13C 
couplings (15 Hz for the typical distance of 0.8 nm) are dominated by the 1H-13C 
couplings (~20000 Hz) mixing with 1H-1H couplings (~40000 Hz) as well as 13C 
chemical-shift differences  (~1000-20000 Hz), because all those Hamiltonians do not 
commute.  
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2.4.2 Proton spin diffusion 
In organic polymers, 1H spin diffusion proceeds quite swiftly in the dense network of 
trong 1H-1H dipolar couplings, which justifies a continuum description of the diffusion 
tions of z magnetizations contains information on 
 
ts, consisting of an 
volution or selection period, a mixing time tm, and a detection period. For spin 
gnetization must be 
s
process of non-equilibrium distribu
the domain sizes in heterogeneous materials: in structures with small domains, the 
magnetization equilibrates faster than in a system consisting in large domains. More 
precisely speaking spin diffusion probes “typical smallest distances”: smallest  
distances since the equilibrium occurs via the shortest paths, but they must be 
typical, because a few particularly thin domains will not dominate the measured curve 
which represent all domains. In the range below 5 nm the “domains” may often be 
more correctly as heterogeneities; in extreme case, even the diameter of the polymer 
chains or segments which were initially polarized is reflected in the spin-diffusion 
behaviour. To reach equilibrium (to within 10%) in large monomer unit requires more 
than 500µs; such an effect is readily detected in the experiment. 
 
2.4.3 Proton experiments principles and 1D spectra 
Spin-diffusion experiments are typical exchange NMR experimen
e
diffusion to occur, a spatially inhomogeneous distribution of z ma
generated (see Figure 2.4.1). In the most favourable case, the magnetisation of one 
component is selected, while the rest is suppressed (“saturated”). The exchange 
process during tm consists in the diffusion out of the source region into its 
surrounding, which is initially devoid of magnetization. Then, the distribution of 
integral magnetization on the components of the sample is monitored in the NMR 
spectrum. For small domains, the equilibration of magnetization will occur fast, while 
in very large structures, the magnetization from the source can only slowly penetrate 
into relatively thin boundary layers of the other domains. Consequently, the tm 
dependence of the magnetization exchange, reflected in the intensities in the 
spectrum taken after the mixing time, yields direct information on domain sizes.  
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Fig.2.4.1 Basic structure of spin-diffusion experiments: after generating a gradient of
magnetization by selection of magnetization in component A, spin diffusion occurs during the
mixing time tm and is detected through the growth of the signal B [Sch1994]. 
 
The selection of 1H magnetization can be based on differences in the decay of 
the transverse proton magnetization, which itself is due to differences in the dipolar 
couplings. This is the basis of the Goldman-Shen experiment [Gol1966] sketched in 
Fig.2.4.2. 
 Starting with Boltzmann z magnetization, the first pulse flips the 1H 
magnetization to the xy plane. After a certain time, typically 30 µs, the magnetization 
of the rigid components has been dephased by their strong dipolar couplings, so that 
only 1H magnetization from the mobile regions in the samples remains. A second 
pulse flips the magnetization back to the z axis, where it is stored for the ensuing 
mixing time during which 1H spin diffusion to the rigid regions will occur. The third 
pulse terminates the mixing time, and the magnetization is detected to monitor how 
the spin diffusion has proceeded. The magnetization description given here 
represents a somewhat simplistic description of the evolution of the density operator 
in the multiparticle dipolar interaction. In fact, multiple-quantum coherences evolving 
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during the mixing time produce spectral dispersion [Par1983]. However, in sufficient 
long mixing times, these coherences are suppressed by transverse relaxation.  
 Other selection techniques are based on differences in relaxation times, such 
as T1ρ. This approach is beset with the problem of spin-diffusion during the selection, 
since the dipolar couplings are not removed during the spin lock of the selection 
period. Therefore, short effective mixing times are not accessible and consequently 
materials with small domains cannot be investigated with this approach.  
 
 
Fig. 2.4.2 Principle of Goldman-Shen experiment, the simplest 1H spin diffusion experiment, which
is applicable to systems consisting of both rigid and mobile regions. a) Selection of magnetization
in the mobile region is achieved through the fast dephasing of the proton magnetization in the rigid
regions by their strong dipolar couplings. The remaining 1H magnetization in the mobile region is
flipped to the z axis an can then b) diffuse to the rigid regions, which is monitored in the signal
acquired after the mixing time. 
 Proton T1 times are generally not suitable for selection in spin-diffusion 
experiments: if the T1 times for different components are sufficiently different for a 
selection, this means that spin diffusion does not equilibrate the magnetization within 
T1; this in turn means that the diffusion does not proceed very far even within the 
longest mixing times, since these are themselves limited by T1 relaxation times.  
 The selection of 1H magnetization can also be achieved on the basis of 
differences in chemical shifts, in particular under CRAMPS conditions. Such 1D 
selective-inversion or chemical-shift filter experiments are closely related to the 2D 
exchange approach and will be discussed with the following section.  
 
2.4.4 Analysis of 1H spin-diffusion data  
In order to obtain information on domain sizes from 1H spin diffusion data it is 
necessary to analyse the time-dependence of the magnetization exchange. In this 
section, several procedures for extracting such information will be outlined. The spin 
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diffusion data are usually given in terms of the integral z magnetization in one 
component as obtained from the spectral intensity of a corresponding NMR signal. In 
most cases, the rise of the intensity from the component initially devoid of 
magnetization is considered, i.e. a sorption curve [Cra1975], as it is particularly 
simple to interpret and involves large relative changes of signal intensities. In our 
treatment, we start from the diffusion equation for z magnetization : ( )mtM ,r
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justified in reference [Sch1994]. The assumption concerning the spatial dependence 
of the diffusivity  will be specified below.  ( )rD
 
2.4.5 Initial rate, interfacial area, and domain sizes 
Between the initial rate of the spin diffusion behaviour and the interfacial area per 
volume, a simple relation exists that can be exploited for estimating domain sizes. 
This approach can also be exploited for deriving what type of averages over a 
distribution of domain sizes are actually measured in a spin diffusion experiment. To 
keep the treatment simple, we assume equal 1H densities in all regions of the 
sample. The analysis of the more general case without this assumption can be found 
in the literature [Cla1993]. 
 We consider an arbitrary two-phase structure, with the magnetization initially 
homogenously distributed in phase A and zero in phase B. The mixing-time 
dependence of the integral magnetization in B is to be considered, with the complete-
exchange intensity IB(tm→∞) at the 100% level. For sufficiently short times 
everywhere along the A-B interface we have the same dependence of the 
magnetization density M(x┴, tm) on the spatial coordinate x┴ perpendicular to the 
interface: 
( ) ( ) ( ) ⊥
∞
⊥− ∫∫ ≅= dxtxMSdtMtI mtot BA
B
mmB
0
3 ,: rr  ,        (2.4.2) 
with the total area of all interfaces given by . For spatially constant diffusivity D, 
the magnetization profile perpendicular to the interface is given by: 
tot
BAS −
( ) ( )mm DtxerfcMtxM 4/2/, 0 ⊥⊥ ≈ ,         (2.4.3) 
 
 
 26
if tm is short enough for effects of the finite size of the diffusion equation 2.4.1 for two 
semi-infinite regions [Cra1975]. The complement erfc(x) of the error function, is 
defined in Table 2.4.1. In fact are the only needs its integral between 0 and ∞ , which 
is π/1  according to the Table 2.4.1.  
Table 2.4.1 The error function erf(x) and related functions.  
( ) xdxexpxerf ∫= x
0
22
π:)(  
erf(-∞)=-1      erf(0)=0     erf(∞)=1       erf(-x)=-erf(x) 
erfc(x):= 1-erf(x)= ( ) xdx2∫x
0
2 expπ  
erf(-∞)=2       erfc(0)=1     erfc(∞)=0     erfc(-x)=1+erf(x)=2-erfc(x) 
( ) )()( xxerfcxexpxdxerfc  : (x)ierfc 2
0
−−== ∫
∞
π
1  
-3x <             2x-(x)ierfc ≅ π/1ierfc(0) =           0ierfc =∞)(  
 
Thus, we can evaluate equation (2.4.2) and (2.4.3): 
    ( ) π/40 mtot BAmB DtMStI −= .         (2.4.4) 
The complete –exchange intensity IB(tm→∞) is given by: 
( ) ( ) totABtotBmmB VfMfIfttI 0==∞→ ,         (2.4.5) 
using the volume fractions , , and the relation 
between the total integral intensity I
tottot
BB VVf /:= tottotAA VVf /:=
tot
A
tot VMI 0= tot and the overall volume  of 
domains of phase A. Combination of equations (2.4.4) and (2.4.5) yields: 
tot
AV
( )21/
)(
)(
mtot
tot
BA
BA
m
mB
mB tO
V
S
ff
Dt
tI
tI −=∞→
−π ,        (2.4.6) 
 
where ( )2mtO  denotes a term quadratic in mt .  can be translated into 
domain sizes d, since generally 
tottot
BA VS /−
( ) 1/ −−≈ tottotBA VSd . For a periodic lamellar structure 
consisting of alternating A and B sheets with thicknesses dA and dB, respectively, we 
have  (factor 2 due to the two surfaces per lamella). For A-phase 
cylinders of volume fraction  and diameter d
( ) totBABA SddV −+= 2
Af A in a matrix of phase B, we have 
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( ) 2/
2
1
2
12/
2
1/
2
AACACBAA ddLdLSVf =⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛=− ππ . The same result is also found for 
cylinders with quadratic base. For A-phase spheres (or cubes ) of diameter dA in a B-
matrix, ( ) 3/
2
1
2
14/
2
13/4/
23
AAABAA dddSVf =⎟⎟⎠
⎞
⎜⎜⎝
⎛ ⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛=− ππ . Introducing the 
“dimensionality” ε as the number of orthogonal directions relevant for the diffusion 
process (lamellae: ε=1, cylinders: ε=2, spheres, cubes: ε=3) the geometric relations 
can be summarized as:  
1)/( −−= tottotBAAA VSfd ε .         (2.4.7) 
 For extracting the domain sizes in a two component system out of the initial 
rate of the ( )mB tI  graph, drag a straight line through the points in the initially linear 
range and extend it to determinate the tm value  of this line’s intersection with the 
I=100% (i.e. I=I
s
mt
B(tm→∞)) value (see Figure 2.4.3). At this point, the left hand side of 
the equation (2.4.6) is equal to 1, so that with (2.4.7) we have: 
πε /4 sm
B
A Dtf
d =    ( )AB ff −= 1 ,         (2.4.8) 
showing that common formulae like smDtxd 2
2 =≈  or 3/4 smDtd =  are only an 
unnecessarily crude approximation, yielding domain sizes which are typically too 
small by a factor of 4. These results can be generalized easily. For instance if DA≠DB, 
the magnetization profile in the phase B is given by: 
( ) ( mB
BA
A
mB tDxerfcDD
D
MtxM 4/0 ⊥⊥ +≅ ),        (2.4.9) 
[Cra1975] which can be integrated to yield: 
π/2)( 0 m
BA
BAtot
BAmB t
DD
DD
MStI
+
≅ − .       (2.4.10) 
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Fig. 2.4.3 Simulated spin-diffusion curves of 50:50 system, DA=DB=0.6 nm2/ms, for ε=1 (lamellae)
and ε=3 (cubes, spheres). The domain size dA in nanometers is given next to the each curve. The
extrapolation of the initial linear regime to 100 % for determining is indicated for one of the
curves. 
s
mt
Comparison with equation 2.4.4 shows that most of the equations given above 
for constant diffusivity can still be used after replacing D  with effD  as defined by: 
( ) 2/: BA BAeff DD
DD
D += ,        (2.4.11) 
which is the geometric  average of their square roots. With a distribution of domain 
sizes, on the basis of: VSVS BA
tottot
BA // −− = the initial rate is determined by an 
effective domain size that replaces deffAd A: 
 lamellae: BAAA
eff
A SVfdd −== /2 , 
 cylinders: BAA
A
Aeff
A SVfd
d
d −== /4
2
,        (2.4.12) 
 spheres: BAA
A
Aeff
A SVfd
d
d −== /62
3
. 
Beyond the initial-rate information, precise IB(tm) data also contain hints as to the 
dimensionality of the system, in particular at intermediate tm values (Figure 2.4.3). In 
addition, a bimodal distribution, with small and large domains, would be detectable as 
a superposition of a fast and a slow signal rise. The simple and useful initial-rate 
approach breaks down if the system is not a two-component system with a sharp 
interface. 
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 For dimensionalities ε = 2 and ε = 3, that is, cylinders and spheres/cubes in a 
matrix, the arrangements of domains is more complicated. Fig 2.4.4 a) shows a 
typical structure, whose magnetization distribution can be viewed as the 
superposition of the magnetization from individual sources, Fig. 2.4.4 b). Fig. 2.4.4 c). 
shows how each of these individual structures can be approximated by a pure A 
source region, surrounded by a pure B region according to the given fB/fA volume 
fraction, and a more distant environment consisting of both A and B in the ratio fB/fA. 
For square-base cylinder and for cubes, the structures simplified as shown in Fig. 
2.4.4 d) are products of equal 1D structures along two or three orthogonal directions.  
  
Fig. 2.4.4 Visualization of the approximation for structures with dimensionalities ε=2 and ε=3 for
spin-diffusion calculations. Due the linearity of the diffusion equation, the distribution of
magnetization from N domains of component A contains magnetization. b) These can on average be
substituted by the structure shown in c), with an immediate pure-B environment of the A domain,
and the rest of the structure made up of a mixture of A and B with the correct fA:fB ratio d) Structures
simplified along these lines for dimensionalities ε = 1, 2 and 3. 
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3. Material Characterization by the 
NMR-MOUSE  
 
3.1 A mobile NMR device for measurement of 
porosity and pore size distribution of drilled core 
samples 
3.1.1 Introduction 
In the past few years, the vision of portable NMR has become more and more real. 
The interest in mobile NMR sensors of the unilateral type has increased significantly. 
With the ongoing advances in instrumentation, NMR consoles the sizes of an 
attache´ case are being developed. For example, sensors for low and moderately 
inhomogeneous fields with 1H operating frequencies of a few megahertz and less 
[Kle1997, Coa1999] and sensors for intermediate and highly inhomogeneous fields 
like the NMR-MOUSE® with operating frequencies of 10 to 20 MHz [Blü2002, 
Per2004] are used in well logging, polymer science, and the food industry. NMR 
techniques are well suited to determine in situ formation porosity and pore size 
distributions [Lon2003]. A previous study showed that 1H transverse relaxation NMR 
measurements with the CPMG sequence and the NMR-MOUSE, a unilateral NMR 
scanner, yield porosity of 100% water-saturated cores [Blü2004]. In such core 
samples, the number of spins in the fluid normalized to the sensitive volume of the 
sensor is proportional to the sample’s porosity. The amplitude of the CPMG envelope 
extrapolated to zero echo time is proportional to the number of spins. Furthermore, 
for pore diameters of less than 100 µm and low-viscosity fluids in homogeneous 
magnetic fields, the relaxation times T2 are proportional to the pore diameter. Inverse 
Laplace transformation with linear regularization is a common and robust technique 
for fitting multiexponential relaxation decays of CPMG data of porous media, for 
example by UPEN, a program based on a regularized inverse Laplace-transform 
analysis with uniform penalty [Bor1998]. Figure 3.1.1 shows the distribution of 
transverse relaxation times T2 obtained from the echo envelope with UPEN (uniform 
penalty inversion of multiexponential decay data). It is proportional to the pore-size 
distribution in the core. For full saturation, the integral of this distribution curve is 
proportional to porosity.  
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The data of Fig. 3.1.1 were measured with the new Halbach scanner (see below), an 
instrument with a field gradient much lower than that of the NMR-MOUSE®.  
Figure 3.1.1 CPMG echo envelope of a water-saturated sediment sample measured with
a Halbach scanner (left) and corresponding frequency distribution of Sp(T2) obtained by
regularized inverse Laplace transformation with the UPEN program (right). 
 
Compared to the NMR-MOUSE the Halbach scanner provides better signal-to-
noise ratio, better accuracy, and fewer distortions from diffusive attenuation in the 
relaxation time distributions. Depending on the particular application, unilateral 
sensors are not always required, and more closed geometries may be applicable. In 
these cases more homogeneous magnetic fields can be employed while the sensor 
is still mobile. A magnet of interest for porosity and pore-size distribution 
measurements of drilled core sections is the Halbach magnet (Fig. 3.1.2) [Hal1980]. 
The main advantage of an NMR scanner with Halbach geometry compared to 
conventional NMR equipment is its small size, weight, and mobility. A Halbach 
magnet provides a strong and sufficiently homogeneous magnetic field in a large and 
accessible cylindrical volume. Additionally, the field direction is transverse to the 
cylinder axis and solenoidal or surface rf coils can be used. Different extended 
cylindrical objects, such as PE pipes and rubber tubes, can be studied 
nondestructively. In our study, this new tool is used for measurements of porosity and 
pore-size distributions of the standard core samples from the Integrated Ocean 
Drilling Program (IODP). A combination of the mobile Halbach scanner with gradient 
coils can be used for diffusion measurements by PFG NMR and for mobile imaging 
of cylindrical objects. 
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3.1.2 Construction of the Halbach scanner 
Standard IODP cores have a diameter of 60 mm and a length of 1.5 m. Right after 
drilling they are split into half-cylinders along the core axis. The Halbach magnet is 
well suited to study these split cores. Different realizations of dipolar Halbach 
magnets constructed from different numbers of identical rectangular bar magnets are 
described in Raich and Blümler [Rai2004].  
They were analyzed with regard to the weight of the system, the strength of 
the magnetic field, and the field homogeneity. For the construction of long cylinders 
with such field characteristics, magnet rings of relatively low height were assembled 
and stacked using threaded rods (see Fig. 3.1.2).  
 
Figure 3.1.2 Simulated field and flux lines of a “magic ring” consisting of 16 magnet
blocks with inner and outer diameters of 70 mm and 155 mm, respectively. The
arrows indicate the direction of magnetization. 
 
 
 
 
 
 
 
 
 
 
The magnetic forces internal to such a large magnet were considered in the 
design of the magnet’s support housing. The average flux and the inhomogeneity 
inside the volume of such Halbach arrangements typically increase for smaller 
numbers of bar magnets. The Halbach magnet array used in this study consists of 16 
bar magnets (see Fig. 3.1.2). It is a compromise between low weight, sufficient flux, 
and homogeneity. To produce a ring with 70 mm inner diameter and 155 mm outer 
diameter, the bar magnets had to have dimensions of 18 × 18 × 27 mm. They consist 
of  FeNdB Grade 45 (N-45) with a remanence of Br = 1.33–1.37 T. Six such rings 
were stacked, resulting in a 165-mm tall magnet weighting only about 8 kg 
[Fig.3.1.3(a, b)]. It has a sufficiently strong and homogeneous magnetic field B0 of 0.3 
T corresponding to a resonance frequency of 12.74 MHz for protons. The dimensions 
and parameters of the magnet system are well suited for analysis of standard IODP 
samples. 
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a) b)
Figure 3.1.3 (a) The new core scanning system with the Halbach magnet, the solenoid, and the
surface opened solenoid (SOPS) rf coils. (b) The Halbach scanner with the solenoid coil and an
inserted deep-sea ocean drill core sample. The coils were designed by professor V. Anferov.  
 
From field measurements with a Hall probe the estimated gradient G of the 
magnetic field within the sensitive volume of 60 mm diameter and 60 mm height is 
0.3 T/m along the x axis. The measurements are depicted in (Fig. 3.1.4). 
Figure 3.1.4 Measured field distributions along the bore of the Halbach magnet system. 
Stacking more than six rings can lower this gradient but adds to the weight. 
The measurement sensitivity depends critically on the design of the rf coil because 
the signal-to-noise ratio is proportional to the square root of the quality factor. Two 
types of Rf coils were designed and tested: a solenoidal coil and the surface opened 
solenoidal (SOPS) coil. The solenoidal coil consists of eight windings with 65 mm 
diameter in the shape of a half-cylinder. The length of the entire coil is 60 mm. To 
reduce the microphone effect, the coil was produced from thick rectangular copper 
wire (4 × 2 mm) with the flat parts of the windings fixed to a printed circuit board 
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(PCB) [Anf2002]. The quality factor of the circuit at 12.74 MHz frequency is 130. The 
filling factor of the solenoidal rf coil is considerably higher than that of the SOPS coil. 
The solenoidal coil is preferred for measurements of samples with porosities below 
5% and other samples with a poor signal-to noise ratio. The signal-bearing volume of 
the sensor with solenoidal coil depends on the geometry of the core sample, and a 
volume calibration is needed if the core section has a length smaller than that of the 
sensitive volume of the solenoid. The SOPS coil is etched on a standard printed 
circuit board. It consists of nine concentric turns with an inner and outer diameter of 
30 mm and 60 mm, respectively. The measured quality factor at 12.74 MHz is 68. The 
advantage of the SOPS coil is that the same sensitive volume of the coil is used in all 
measurements with the same experimental parameters. The SOPS coil is operated 
on the flat surface of the split core samples. Its rf field is sufficiently strong and 
homogeneous. The rf components B1x and B1y of the SOPS coil, which are effective 
for excitation and detection of the NMR signals in the Halbach magnet system, and 
the magnitude  |B1xy| = of the rf components orthogonal to B2/111
1
1 )( yx BB + 0z were 
simulated from Biot-Savart’s law using the program OPERA-3D from Vector Fields.  
Figure 3.1.5 shows that B1xy is sufficiently homogeneous in the sensitive 
volume of the coil and decreases to half its maximum value at a distance of 25 mm 
from the surface. The background NMR signal of the protons in the PCB relaxes 
within some tens of microseconds, and its contribution to the signal of the protons 
from water filled porous media is negligible.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure3.1.5 3D simulation of the transverse rf field |B1xy| =   in the zy plane
located in the center of the SOPS coil. 
2/11
1
1
1 )( yx BB +
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The rf tank circuit of the Halbach scanner is a low impedance series 
resonance with capacitance C = Cm +Ct (Fig. 3.1.6), where Cm and Ct are the 
matching and tuning capacities of the resonance circuit. It is placed on the side of the 
PCB opposite to the coil.  
 
 
 
 
 
 
 
 
Figure3.1.6 Tank series circuit for the Halbach scanner with low impedance at resonance, the
tuning Ct and matching Cm  capacitors, the inductance L, and the resistance R. 
The resonance frequency ƒ0=ω0/2π is approximated by  
LC
1
0 =ω ,                                                   (3.1.1) 
and is tuned by the capacitance Ct. On resonance, the impedance of the series 
circuit is given by Rres = ω0L/Q. To match the impedance to that of the spectrometer, 
a capacitor Cm is connected parallel to the coil. With the Q factor determined at 
resonance and the inductance L of the coil, the values of the capacitors can be 
calculated according to Kodibagkar and Conradi [Kod2000]. 
                 
L
L
QCt 2
0
0
50
1
ω
ω
Ω⋅−=              and               
L
L
QCm 2
0
0
50
ω
ω
Ω⋅=           (3.1.2 a,b) 
The breakthrough voltage of the matching and tuning capacities is 6000 V. 
Conductive wet cores with a length of up to 1.5 m induce interference noise in the rf 
coil and act like a large antenna. To shield the sample from environmental noise, the 
sensor with the sample inside is wrapped in a flexible copper cloth. The 
measurement time with the CPMG sequence is a few seconds. 
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3.1.3 Application of the Halbach scanner to measurements of 
porosity and pore size distributions in geological drill core samples  
 
The split core samples were dried for two days at 200° C, evacuated for 3 hours, and 
saturated with water at a pressure of 20 MPa. Transverse relaxation in different 
sediment samples was measured with the Halbach system using a CPMG sequence 
and the SOPS coil. To investigate the influence of diffusion on the measured data, 
experiments were repeated on a water saturated limestone sample with different 
echo times of 80 µs, 100 µs, and 150 µs. As shown in Fig. 3.1.7(a), the CPMG echo 
envelopes corresponding to different echo times are not significantly shortened by 
the diffusive attenuation.  
a) b)
Figure 3.1.7 (a) CPMG echo envelopes of a water-saturated limestone sample measured at different
echo times tE. (b)T2eff  distributions of the limestone sample. 
 
Experimental distributions of transverse relaxation times T2eff from the 
limestone sample obtained by inverse Laplace transformation of the CPMG 
envelopes are shown in Fig. 3.1.7(b). The T2eff distribution curves are not 
compressed at long relaxation times by diffusion. For short T2eff values, differences in 
the distribution curves are observed with varying echo time, because the short 
decays from the smallest pores are missed with increasing echo time. Similar results 
were obtained for other types of core sections. These measurements demonstrate 
that the influence of the inhomogeneous field on diffusion in the gradient of 0.3 T/m 
of the Halbach scanner can be neglected for sufficiently short echo times. We applied 
mobile NMR scanners, Halbach and MOUSE, to investigate two 20-cm-long core 
sections of limestone with the CPMG sequence. The measurements with the 
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Halbach system were carried out at three positions of each section after saturation 
with water. The NMR-MOUSE measurements covered six points of each section 
because the size of its rf coil is smaller than that of the Halbach system. The integrals 
 { }∫= effp TPdS 2log                                         (3.1.3) 
of the distribution curves and the CPMG echo amplitudes extrapolated to zero echo 
time were calibrated with porosity values measured with a helium gas pycnometer 
(Fig. 3.1.8). The CPMG amplitudes at zero echo time were obtained by 
reconstructing the echo envelope from the T2eff distribution obtained by the UPEN 
algorithm. Thus, the data were fitted by a multiexponential function and extrapolated 
to zero time. This amplitude is identical to the integral of the frequency distribution in 
Eq(3.1.3) of relaxation times T2eff. The results obtained with the Halbach system 
scatter less and correlate better with independently measured porosity than these 
obtained with the MOUSE. With the NMR-MOUSE it had not been possible to 
determine porosities smaller than 5 %. In contrast, the Halbach system yielded good 
results when applied to a metamorphic rock, classified as gneiss with 3% porosity 
(Fig. 3.1.9).  
 
Figure 3.1.8 CPMG echo amplitudes
extrapolated to zero echo time measured
with the Halbach scanner and with the NMR-
MOUSE on saturated cores versus porosity. 
Figure 3.1.9 The T2eff distribution of a gneiss
sample with a porosity of less than 3%
measured with the Halbach scanner. 
 By analyzing the T2eff distribution after inverse Laplace transformation of the 
CPMG envelope, the saturation process of a rock could be monitored (Fig. 3.1.10). 
The peaks of the T2eff distributions move to greater relaxation times with increasing 
saturation time as the large pores are being filled with water. At 100% saturation, the 
area under the distribution curve and the amplitude of the CPMG envelope 
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extrapolated to zero echo time reach their maximum values. Incomplete saturation of 
the rocks gives rise to partial wetting or partial filling of the pores and may lead to 
petrophysical misinterpretations, depending on the wetting properties of the rock and 
the fluid. 
 
Figure 3.1.10 Dependence of the T2eff distributions of a limestone sample for
different saturation times in water at 20 MPa pressure. 
 
 
 
 
 
 
 
 
 
 
 
3.1.4 Summary and conclusions 
A new mobile NMR sensor with a Halbach magnet was described. First experimental 
results of pore-size distributions and porosities from geological drilled core samples 
were obtained. The Halbach scanner has higher sensitivity than the NMR-MOUSE. 
Rocks with porosities of less than 5% can readily be investigated without problems. 
The measurements with the Halbach system yield higher accuracy for porosity 
values than those of the NMR-MOUSE. We expect that the Halbach scanner is a 
suitable prototype tool for routine measurements of porosity and pore-size 
distribution of standard IODP cores. Combined with a mobile NMR spectrometer and 
special software for porosity and pore-size distributions measurements, the Halbach 
scanner is particularly attractive for use on research vessels and logging platforms 
because it is light and mobile.  
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3.2 Self-diffusion measurements by a mobile single-
sided NMR sensor with improved magnetic field 
gradient 
 
3.2.1. Introduction  
In the last years, several applications of NMR in strongly inhomogeneous magnetic 
fields have been developed. Large field gradients are desired in experiments like 
STRAFI to image hard materials with high spatial resolution [McD1997], but they are 
pointed out as disadvantageous in single-sided NMR, where off-resonance effects 
across the sample complicate the performance of conventional pulse sequences, and 
reduce the sensitivity during the detection [Kli1992, Eid1992]. Consequently, the use 
of open NMR sensors for non-destructive sample characterization required 
reexamination of conventional pulse sequences to measure relaxation times 
[Goe1995, Hür2000, Ball2000], multiple quantum coherences [Wie2001, Wie2002], 
images [Cas2004a, Per2004], and mass transport [Cas2004b, Per2005], eliminating 
distortions due to the presence of unavoidable field inhomogeneities. This type of 
sensor has been successfully applied in material testing [Gut1998, Hai2002], 
biomedicine [Hak2000], and well logging [Kli1996]. Moreover, the first steps toward 
high-resolution NMR spectroscopy in inhomogeneous fields have been taken and the 
first ex-situ spectra have recently been measured [Mer2002, Per2005b, Per2005c].  
Although in the cases mentioned above, the presence of the static gradient 
represents a complication to extract the desired information, some applications like 
high-resolution sample profiling or measurements of diffusion coefficients benefit 
from it. The biggest difficulty that is faced with an open magnet is the generation of a 
uniform gradient. Recently a simple magnet geometry has been presented, that 
produces a strong and highly uniform gradient at a defined distance from the magnet 
surface [Per2005c]. It has been used to measure sample profiles with a spatial 
resolution better than 5 µm, a technique that has opened important new applications 
to NMR that range from in vivo skin measurements to the characterization of objects 
of cultural heritage [Per2005c, Cas2005]. In this chapter we exploit the strong and 
uniform static gradient of this magnet to measure self-diffusion in a variety of 
materials to reveal the sample microstructure.  
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 In many systems molecular self-diffusion provides important information on 
molecular organization and interactions of mobile molecules with the environment. 
The effect of molecular self-diffusion on the amplitudes of the Hahn and the 
stimulated echoes in a strong static magnetic-field gradient has been analyzed 
theoretically and experimentally in recent years [Kim1991, Fle1992, Dem1994, 
Sch2001, Cal1991]. The use of strong static gradients such as the one found in the 
stray field of superconducting magnets, allows measurements of root-mean square 
molecular displacements as small as 20 nm and self-diffusion coefficients as small as 
10-16 m2/s. Large gradients simplify measurements of the diffusion coefficient in 
heterogeneous materials like porous materials and biological systems, since they 
reduce the relative contribution from background gradients due to susceptibility 
variation across the sample. This is so because the background gradients are 
proportional to the magnitude of the applied static field B0 but essentially independent 
of the field gradient. From this point of view, measurements with unilateral low field 
NMR sensors, which produce relatively strong field gradients, offer an interesting 
advantage over conventional methods. 
Although the possibility of using the strong gradient of an open magnet to 
measure diffusion has been mentioned in the very first papers about inside-out NMR 
[Kli1992], the need of a uniform gradient complicated the use of hand-held unilateral 
NMR sensors for accurate determination of diffusion coefficients. The problem was 
recently alleviated with the implementation of a numerical procedure that 
deconvolutes the spatial variation of the static field gradient [Kle2003]. However, the 
method requires knowledge of the spatial distribution of both, the B0 and B1 fields, 
and the assumption of a uniform diffusion coefficient D across the sample. It was 
applied to measurements done with a bar magnet NMR-MOUSE®, where D was 
extracted for a series of liquids with different viscosities. The effect of relaxation in 
these self-diffusion measurements was overcome by means of a constant-relaxation 
method [Kim1991, Dem1994, Kle2003]. The simple pulse sequence 
echo Hahn−−−+−−− 2211 22 τθττθτθ yyx  was used to determine the self-diffusion 
coefficient D at a constant-relaxation condition, i.e., for const=+ 21 ττ  in the 
presence of strongly inhomogeneous static and radio-frequency magnetic fields 
[Kle2003]. The method was shown to be particularly useful for measuring D of 
solvents in elastomers without the need to measure the transverse relaxation rates. 
Although this numerical procedure provides an alternative to measuring diffusion 
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even in the presence of non-uniform gradients, it suffers from limited accuracy 
compared to conventional techniques like STRAFI. The most important drawback is 
the need of the B0 map to extract the distribution of static gradient, a calculation that 
is an important source of error. 
 In this paper we take advantage of a simple magnet geometry that generates 
a highly uniform and strong gradient [Per2005c] to measure the self-diffusion 
coefficient of protonated molecules with high accuracy and in very short experimental 
times. The effect of self-diffusion was encoded in the amplitudes of the stimulated 
and Hahn echoes generated in the presence of the static magnetic field gradient. The 
sensitivity of these experiments was improved by applying a Carr-Purcell-Meiboom-
Gill (CPMG) pulse sequence after the diffusion-encoding period. Both sequences 
have been tested by measuring D of various organic solvents, and 
poly(dimethylsiloxane) (PDMS) samples with different molar masses. The Hahn-echo 
sequence was used to measure D for n-hexane absorbed at saturation in natural 
rubber samples with different cross-link densities. Moreover, the stimulated-echo 
sequence was used to measure the dependence of the diffusivity on the diffusion 
time in a water-saturated sandstone as well as in sheep Achilles tendon. 
 
3.2.2. Experimental 
3.2.2.1. Single-sided NMR sensor 
 
The unilateral NMR sensor used in this work takes advantages of a magnet specially 
designed to generate a magnetic field with a uniform gradient in the sensitive volume 
[Per2005c]. The geometrical configuration of the permanent magnet is shown in Fig. 
3.2.1 [Per2005c].It consists of four permanent magnet blocks positioned on an iron 
yoke. The direction of polarization of each magnet block is indicated by the shades of 
gray. Magnets with the same polarization are separated by a small gap dS while 
magnets with opposite polarization are separated by a larger gap dB. The distance 
from the magnet surface, where the uniform magnetic field gradient is determined, 
can be selected by varying dS and dB. To find the right gap dimensions which define 
a constant field along both dimensions at the same depth, one of the two gaps, 
usually dB, is set to define the maximum penetration into the sample and the value of 
dS is varied to the minimize the field variation at this depth. For a fine tuning of dS the 
magnetic field was scanned via the NMR resonance of a test sample [Per2005c]. The 
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distance from the magnet surface where the flat slice is generated increases with dB. 
At the same time, the field and gradient strength generated in the flat sensitive 
volume decrease with increasing dB. Depending on the application, sensors with 
different gradient strengths can be built. For dS = 2 mm and dB = 14 mm, the flat 
sensitive slice is defined at 10 mm from the magnet surface. The magnetic field 
points along the z direction and has a magnitude of about 0.42 T (1H 18.1 MHz), 
while the magnetic field gradient is 22.36 T/m and points along the y direction. The 
value of the field gradient was determined with high accuracy via self-diffusion 
experiments of liquids with known diffusion coefficients. More details about the NMR 
sensor are given in [Per2005c].  
 
 
 
 
 
 
 
 
 
 
 
 
 
.2.2.2. Self-diffusion measurements 
 
The pulse sequences used in our investigation are based on Hahn (SGSE)- and 
stimulated echoes (SGSTE) both operating in the presence of a steady gradient. To 
improve the sensitivity of these experiments, a CPMG sequence was applied after 
the main diffusion-encoding period to generate an echo train that takes advantage of 
long transverse relaxation times of liquid samples (Fig. 3.2.2). Thanks to the 
sensitivity improvement obtained by adding the echo train, a time shorter than one 
minute was required to measure a complete diffusion curve.  
 
Fig. 4.2.1 The magnet geometry used for the one-sided NMR sensor with improved magnetic
field gradient uniformity [Per2005c]. It consists of four permanent magnet blocks positioned on
an iron yoke. The direction of polarization of the magnets is indicated by the gray shades. 
3
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Fig. 3.2.2 Steady gradient stimulated echo SGSTE (a) and spin echo SGSE (b) pulse sequences
used to measure D with the one-sided NMR sensor. The signal-to-noise ratio is improved in both
sequences by applying a CPMG train after the diffusion encoding periods. 
 
The normalized signal attenuation for the SGSE and the SGSTE are given by 
[Cal1991, Kle2003],  
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respectively. The time parameters 21 , ττ , and τ  are defined in Fig. 3.2.2, and T2 is 
the transverse relaxation time. The gyromagnetic ratio is denoted by γ . The 
normalization signal  corresponds to the amplitude of the echoes at very small 
times, τ and τ2 for SGSE and SGSTE, respectively. The amplitudes of the Hahn and 
stimulated echoes are attenuated by the transverse and longitudinal relaxation times 
(see Eqs. (3.2.1), and (3.2.2)). For large values of D like in the case of less viscous 
liquids and for strong magnetic field gradients, the diffusion terms in Eqs. (3.2.1) and 
0I
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(3.2.2) dominate the relaxation terms. Furthermore, if 21, T<<ττ , eqs. (3.2.1) and 
(3.2.2) can be approximated by 
    DG
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respectively. Our results below prove that the above equations are valid in a good 
approximation. 
 The CPMG echo train is also attenuated by the diffusion process due to the 
presence of the strong field gradient, however a small inter-echo time alleviates this 
effect. Furthermore, the diffusion encoding of the CPMG echo train remains constant 
during the variation of the time parameters 21 , ττ , and τ  and does not affect the 
validity of Eqs. (3.2.1) to (3.2.4). 
The diffusion coefficients were measured on protons at a transmitter 
fr 0 
p e 
transmitter attenuation. 
 
3.2.3 Results and discussion 
 
3.2.3.1. Self-diffusion coefficients of liquids with
 
diffusion coefficients of low viscosity liquids like benzene, n-hexane, methanol, 
ethanol, hexadecane, taken from our laboratory without further purification, and high 
viscosity poly(dimethylsiloxane) (Aldrich), with molar masses Mw = 5000g/mol and Mw 
the SGSE and SGSTE methods in combination with a CPMG echo train for 
equency of 18.1 MHz with the pulse sequences of Fig. 3.2.2 using 900 and 180
ulses of 10 µs duration. The difference between the pulses is given by th
 different viscosities 
The 
= 10000g/mol (hereafter PDMS 5000 and PDMS 10000) have been measured in the 
uniform field gradient of our one-sided NMR sensor. The D values are compared with 
data reported in the literature. The diffusivities of all these liquids were measured with 
detection. The experimental data are shown in Figs. 3.2.3 and 3.2.4.  
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each other and 
the values from literature (see Table 3.2.1).  
 
Fig. 3.2.3 Diffusion curves of different organic liquids measured with the SGSTE/CPMG (a) and
(Fig. 4.2.2). In all measurements 4 scans, and a repetition delaSGSE/CPMG (b) pulse sequences y
of RD= 5s were used. For sensitivity improvement 1024 echoes (τ' = 0.04 ms) generated during the
CPMG detection period were co-added. In the SGSTE sequence the diffusion time was τ2 = 1ms. 
 
The data could well be fitted with Eqs. (3.2.3) and (3.2.4). Hence, the effects 
of relaxation can be neglected for the applicable ranges of experimental parameters 
and diffusivities. The values of D obtained from the fits are given in Table 3.2.1. The 
error measure as the variance of a set of similar experiments is of the order of 1%. 
The D values obtained by the two different methods agree well with 
Fig. 3.2.4 Diffusion curves of PDMS samples with two molar masses (5000 g/mol and 10000 g/mol) 
measured with SGSTE/CPMG (a) and SGSE/CPMG (b). In the SGSTE sequence the diffusion time 
was τ2 = 50ms. For sensitivity improvement 1024 echoes (τ' = 0.04 ms) generated during the CPMG
detection period were co-added. The total experimental time was about 3 minutes with 16 scans and 
RD = 1s. 
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Table 3.2.1 Self-diffusion coefficients D of various protonated liquids measured by SGSTE and SGSE 
methods at 22° C. Literature values reported at 25° C were corrected using the temperature 
dependence of viscosity and Stokes equation. 
 
Sample Dlita
[10-9 m2/s] 
DSGSTE
[10-9 m2/s] 
DSGSE 
[10-9 m2/s] 
benzene 
n-hexane 
methanol 
ethanol 
2.11 
3.96 
2.271 
1.01 
2.12 
4.02 
2.20 
1.00 
2.12 
3.90 
2.20 
1.01 
hexadecane 
PDMS 5000 
PDMS 10000 
 
 
0.35 
7.23x10-2
1.97x10-2
0.35 
7.13x10-2
1.87x10-2
 
a  Corrected from the values reported in the Bruker Almanac 2005. 
 
3.2.3.2. Proton self-diffusion of n-hexane in natural rubber with different cross-
link densities  
The diffusion of light penetrant molecules in elastomers is a topic of long standing 
interest [Mee1983] (and references therein). It was shown that for small solvent 
molecules, both the transverse relaxation time and the diffusion coefficient are 
sensitive measures of the free volume and its changes with the filler content 
[Mee1984, Dem2005]. The basic formulation used by Vrentas et al. [Vre1994] for the 
p  
is
rediction of the diffusion coefficient in an isotropic rubbery polymer - solvent system
 based on the expression: 
 
( )
⎪⎭⎬⎪⎩⎨ γ
−−=
/ˆ
lnln 210
FH
ss
VRT
DD ,    (3.2.5) 
where 
⎪⎫⎪⎧ −ξ+ ˆ1ˆ *** VwVwE
D is the diffusion coefficient of the penetrant. 0D  is an effectively constant 
preexponential factor, E* is the effective energy per mole that a molecule needs to 
overcome attractive forces, R is the universal gas constant, T is the absolute 
temperature, and ws is the sorbed solvent weight fraction. The specific free volume 
required for a jump of penetrant and polymer are denoted by * *1ˆV  and , 
spectively. The significance of the other quantities is given in [Vre1994]. 
2Vˆ
re
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The results of sorption experiments are expressed in general as moles wQ  of 
liquid sorbed by 100 g of NR. The quantity wQ  measured in mole % is determined as 
( ) ( ) %100/ ⋅=
rubberofweightInitial
solventtheofweightMolecularsolventsorbedofWeightQw      (3.2.6) 
From Eqs. (3.2.5), and (3.2.6) we can get: 
1ˆ
ˆ
2− *Vξˆ
ˆ
ˆ
lnln 12 +−−= w,sw
w,sw
*
FH
**
MQ
MQ
V
V
/γV
VξDD , 
where  molecular w f the solvent.
In this work we measured the diffusion coefficients of n-hexane swollen in a 
series of cross-linked natural rubber (NR) SMR10 (Malaysia) (cf. Table 3.2.1) by the 
diffus of the Hahn cho amplitude tray field of or. The 
additives were 3 phr (parts-per-hundred-rubber) ZnO and 2 phr stearic acid. The 
ents of the samples are given in Table 3.2.2. The 
ccelerator is of the standard sulfenamide type (TBBS, benzothiazyl-2-tert-butyl-
0 
 at 160 C in a Monsanto MDR-2000-E vulcameter. The degree of 
aThe uncertainties are less than 10%. 
bThe uncertainties are less than 1%. 
ccelerator 
content (phr) 
Shear modulusa
G (dNm) 
Equilibrium toluene 
concentrationbcs (%) 
0 RT
− E
FH /γ
        (3.2.7) 
swM ,  is the eight o  
ion encoding e  in the s  the sens
sulphur and accelerator cont
a
sulfenamide). After mixing the compounds in a laboratory mixer at 50 C, the samples 
were vulcanised 0 
cross-linking was measured by the low frequency shear modulus or torque at a 
temperature of 1600 C in the vulcameter directly after vulcanisation. The 
measurements were performed with an oscillation amplitude of ± 0.50 and a 
frequency of 1.67 Hz.  
 
Table 3.2.2 Properties of the series of cross-linked NR samples. 
Sample 
Sulfur-a
NR1 1-1  0.652 5.2
NR2 2-2 8.5 0.671 
NR3 3-3 
0
 
11.2 0.678 
NR4 4-4 13.2 0.692 
NR5 5-5 14.5 0.712 
NR6 6-6 15.4 0.750 
NR7 7-7 16.2 0.8 0 
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The natural rubber samples were swollen in n-hexane for several hours until 
the equilibrium value was reached. Besides the direct mixing, swelling in n-hexane 
vapour was also tested. In the limit of experimental errors the diffusivities do not 
change as a function of the swelling protocol. The decay of the Hahn e
 and an exponential decay linear on 
cho for n-
hexane sorbed in NR was fitted by a sum of an exponential function that depends on 
3τ τ  that describes the T2 signal decay of the 
polymer network itself (Fig. 3.2.5a). The logarithm of the diffusion coefficient versus 
the solvent mole percent concentration at equilibrium for a series of cross-linked NR 
roximation the experimental data 
follow 
 
3.2.3.3. Self-diffusion of w in saturated sa ne  
The m ements of the d ion of liquids ad d in the pores ysts and 
rocks are strongly affected by the presence of barriers [Cal1991, Kim1997]. They can 
be used to establish the average pore sizes, pore size distributions, and tortuosity 
Mit1993, Zie2004].  
samples is shown in (Fig. 3.2.5b). In a good app
the functional dependence on wQ  given by Eq. (3.2.7). 
a) b)
Fig. 3.2.5 a) Amplitude of the NMR signal of SGSE /CPMG pulse sequence as a function of τ for
n-hexane sorbed in sample NR1 (Table 3.2.2). The protons from the solvent as well as the ones
ares). The data can be fitted (solid
line) by the addition of an exponential decay in τ (dashed line) and a single exponential deca
from natural rubber contribute to the Hahn-echo amplitude (squ
3 y
(thin-dashed line) in τ. an  fro The diffusivity of n-hex e can be determined m the exponential decay
in τ )). The  wa es. b
diffusion as a -hexane m tration 
3 (Eq. (3.2.3
coefficients 
 total experimental time
 function of the n
s of about 6 minut ) Natural logarithm of the
ole concen QW for the natural rubber
series of Table 3.2.2. The quantity Qw is defined as the number of moles of n-hexane absorbed in
100 g of natural rubber. The data points are connected by lines and show a trend according to Eq.
(3.2.7). 
ater ndsto
easur iffus sorbe of catal
[
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The time-dependent diffusion coefficient D  of water was measured by the 
SGSE method discussed above (see Section 3.2.2) for two sandstone cores 
obtained from the Integrated Ocean Drilling Program (IODP) (Sandstone A and B in 
Fig. 3.2.6). The decays of the stimulated echoes from water-saturated IODP cores 
follow Eq. (3.2.4) and were fitted in a semi-log plot by a linear function. The time-
pendent D coefficients are shown in Fig. 3.2.6 as a function of the diffusion 
length DL  (see below).  
de
 
For short diffusion times 2τ , the diffusion coefficient ( )2τD  is expected to fa
ff linearly with the diffusion length [Mit1993], with a slope proportional to the medium
Fig. 3.2.6 Time-dependent diffusion coefficient D of bulk water, and two different sandstone cores (A
and B) measured by the SGSTE/CPMG method as a function of the diffusion length 20τDLD = .
The bullet symbol marks the diffusion coefficient of free water D0 = 2.07x10-9 m2/s to which ( )DLD
ould extrapolate in the limit of 0→DL . The total experimental time is about 20 minutes per poinsh t
with 256 scans and RD = 0.5 s. 
ll 
o  
urface-to-volume ratio (S/V), i.e., s
    ( ) ⎥⎤⎢⎡ −≈ V
SLDLD DD
410 .  ⎦⎣ π9
The diffusion length DL  in Eq. (3.2.8) is defined as 
         (3.2.8) 
20τDLD = , where 
( )200 2lim ττ DD →= .  The diffusion length was calculated approximating 0D  by the 
value by of the diffusio efficient of free water. By taking this approximation from 
6, the average volume-to-surface ratio  for the 
n co
the linear fit of the data in Fig. 3.2. SV /
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pores in the sandstone cores was determined to be of the order of 5 and 0.6 µm for 
sample A and B, respectively. In the approximation of spherical pores we can 
estimate an average pore radius of mrA µ 15≈  and mrB µ 2≈ . Nevertheless, for 
sample B the quantity SV /  cannot be measured accurately because the stimulated 
echo method does not give access to short enough diffusion lengths DL . The reason 
for this has been discussed in Ref. [Zie2004] and is related to the failure of the 
narrow ulse approxima p or short diffusion times. 
 
3.2.3.4 Self-diffusion of w ter in sheep Achilles tendon  
ter in Achilles tendons is anisotropic, 
function of tensile load [Wel2004, 
two diffusion process characterized by 
 obtained from the butcher. The 
samples were kept at –18 C after excision until the ti
measured at room temperature 200 ± 10 C. A plug was cut from the middle of the 
tendon and wrapped with parafilm in order to avoid dehydration. The plug was 
examined for about 12 h at room temperature and then discarded to preclude tissue 
degradation. The sample was prepared by cutting a piece of the tendon along the 
rt only the
tion f
a
The time-dependent diffusion coefficient of wa
diffusion-time dependent, and changes as a 
Fec2005]. The diffusion measurements reveal 
a fast and a slow diffusion process [Fec2005].  
Samples of sheep Achilles tendon were
0 me of measurement and then 
symmetry axis of the tissue. 
 Our measurements based on the SGSTE/CPMG method repo  
diffusion coefficient of the fast process valid in the regime of small 1τ . In all the 
measurements the plug axis was oriented along the directi
field. From the linear fit of the initial diffusivity data in Fig. 3.2.7, the average volume-
to-surf
on of the static magnetic 
ace ratio SV /  for the pores in sheep Achilles tendon was determined to be 
mSV µ8/ ≈ assuming 0D  to be the value of the free water.  
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 measured. Such small diffusion coefficients can be 
after the en ue
The mobile NMR sensor with a well defined magnetic field gradient was used 
to measure the diffusion coefficients of solvents swollen in cross-linked elastomers. 
The experiments were performed on a series of samples of natural rubber and have 
shown that the diffusion coefficients correlate with the cross-link density. This 
technique constitutes an alternative to measuring the transverse magnetization 
relaxation for information about the cross-link density of elastomers. Moreover, this 
method shows potential applications for characterizing polymer networks like defect 
distributions, and for testing the theory of polymer swelling. This mobile NMR sensor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2.4 Conclusions 
In this work we demonstrate that implementing Hahn and stimulated-echo sequences 
on a mobile NMR sensor with a uniform static gradient, self-diffusion coefficients 
down to 10
-12
 m
2
/s can be
Fig. 3.2.7 Time-dependent diffusion coefficient D of water in sheep Achilles tendon measured by
the SGSTE/CPMG method as a function of the diffusion length 20τDLD = . The solid line
shows the fit of the experimental data with Eq. (8). The total experimental time is about 20 minutes
per point with 256 scans and RD = 0.5 s. 
accessed because of the strong field gradient of the magnetic field (G ~ 20 T/m). The 
NMR sensor has a special magnet geometry that generates a strong and uniform 
field gradient in a flat sensitive volume of about 1 × 1 cm2 extended along the lateral 
directions positioned at a defined distance from the magnet surface. The 
measurement time was reduced to minutes by the use of a CPMG echo train applied 
coding seq nce.  
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can be used for characterization of pore surface-to-volume ratios and pore sizes in 
cks and ordered tissues. 
The possibility to perform diffusion measurements in combination with a 
PMG pulse sequence with our specially designed one-sided NMR mobile sensor 
an also be exploited for measurements of two-dimensional D-T2 maps [Hür2002]. 
herefore, the device can be used for quality controls of complex materials. 
 
ro
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3.3 NMR-MOUSE® sensor for online detection in 
chemical extraction 
 
3.3.1 Introduction and motivation 
In this work we make some preliminary measurements in order to determine the 
uitability of low field NMR to measure the liquid/liquid interface between two liquids. 
he aim of this work is to test the detection of the different liquids and to find a way to 
entify them in order to prove the suitability of the NMR-MOUSE as a sensor in 
hemical extraction processes (Fig. 3.3.1) [Blü2001]. We have investigated three 
ifferent substances from industrial products. As these are opaque the optical 
ethod cannot be used in this case. The device depicted in Fig. 3.3.1 shows the 
rinciple of chemical extraction with the NMR sensor, which is employed to 
ifferentiate between the different fluid compounds.  
 
 
s
T
id
c
d
m
p
d
 
Fig 3.3.1
a
 A container is schematically shown in the cross section which contains two liquid phases (2)
nd (3) and the liquid/liquid interface (4). The liquid phases have separated themselves in the
ontainer because of the different specific weight. When the valve (6) is opened the liquid phase is
mptied and the NMR-MOUSE® sensor (7b) is used to sense the passing of the interphase (4) to
c
e
perate the valve (6) by means of an electronic device (10, 11) [Blü2001].o
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3.3.2 NMR methods and samples 
The NMR-MOUSE® is suitabl
differentiate between different 
e for monitoring relaxation in liquids. We can 
substances by means of T1 and T2eff relaxation 
easurements (see section 2.2). The samples investigated in this work are three 
ese substances are collected at different 
 
 
 
3.3.3 Results and discussions 
At first T1 is measured by the saturation recovery pulse sequence to determine an 
appropriate recycle delay in the CPMG sequence used in the T2 measurements. A 
reliable method for T2eff measurements is the well-known CPMG method. Examples 
of T1 and T2eff relaxation curves are depicted in Fig. 3.3.3.          
m
chemical products in the liquid phase. Th
times in a chemical production process.  
 
 
 
 
 
 
 
 
Fig. 3.3.2 The three types of substances investigated with NMR-MOUSE.  
sole 2 solventslush 
 
a) b) 
Fig. 3.3.3 a) T1 values determination with saturation pulse sequence. b) T2eff determination by 
exponential fitting of CPMG decay.  
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A differentiation of the three samples by their values of T1 was not successful, 
but T2eff showed out to be a useful parameter (Fig. 3.3.5). In order to estimate the 
errors of T2eff measurements we have performed these measurements 5 times on the 
same samples. From the experiment presented in Fig. 3.3.5 a) we can say that the 
errors in the experiment are smaller than the T2eff differences between samples. The 
experiment was extended for all types of samples and the results seem promising, 
with the exception of last two series from sole2 and slush which are difficult to 
differentiate by their T2eff values (Fig. 3.3.5 b)). 
 
 
Fig. 3.3.4 T  values as a function of day of preparation 1
a) b) 
Fig. 3.3.5 a) The error estimation for T2eff values. b) T2eff values of the samples as a function of date
of production 
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3.3.4 Conclusion 
NMR–MOUSE® can be used for measuring the liquid distribution in chemical 
reactors. The preliminary results show that T2eff values can help us differentiate 
between substances and batches of the same product but made with different 
technological process. In perspective this technology has not only the possibility of 
quality control of the product, but one can imagine that the online collection of data 
gives us the information to properly control the reaction. 
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3.4 Applications to stone 
 
3.4.1 Investigation of stones from Japan  
 
3.4.1.1 Introduction 
 
The samples investigated here are a series of rock samples from Japan. The 
amples are from quarries in Japan. Cylindrical cores were bored as 50 mm in 
iameter and 50 mm in height. We have Inada granite and Okazaki granite, which 
re heated at 873 K and then saturated with deionized water in vacuum. Another 
easured rock is the Shiramine rock, which is saturated without special treatment.  
 
3.4.1.2 NMR measurements 
The samples have been measured with Halbach array because of its good 
sensitivity. The details about this sensor have been presented in this chapter, section 
3.1. After this experiment we have employed the profile MOUSE for measuring a 
cross section of the stone. Details of this sensor have been given also in section 3.2.   
The idea of using these two kinds of sensors in experiments is to combine the good 
sensitivity of Halbach scanner with the spatial information given by “profile MOUSE”. 
One important difference between these two sensors is the gradient value which is 
about 0.3 T/m in the Halbach and about 22.36 T/m in the case of the “profile 
MOUSE”. 
 In order to limit the drying effect, the samples have been kept in water and 
dried with absorbant paper after removal from water jar. During the measurement the 
stones were wrapped in parafilm in order to prevent drying. We have used a simple 
CPMG sequence for these measurements. The experimental time in the Halbach 
magnet was about 15 minutes for granite and 5 minutes for sandstone. For the other 
sensor we have an experimental time of 50 minutes for granite and 10 minutes for 
sandstone.  The experiments were carried away at room temperature.  
Using the UPEN program we have calculated the inverse Laplace transform of 
the CPMG decay, and with the Mathcad program we have calculated the logarithmic 
area under the curve, which is proportional with the water content. From the inverse 
Laplace transform we notice, that we have a T2eff distribution, and a minimum bi-
s
d
a
m
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exponential decay is required in order to fit the CPMG decay. The T2eff distribution in 
- pore size distribution  
- restricted diffusion. 
distribution can be influenced by paramagnetic impurities in 
our case is influenced by three factors: 
- paramagnetic impurities 
The pore size 
both cases. As for the influence of diffusion we can reasonable assume that it is 
minor in the Halbach case because of the small gradient. However, in the case of the 
“profile MOUSE” the diffusion contribution in the CPMG decay (see section 3.2) can 
be important. The T2eff distributions are depicted in Fig. 3.4.1.1(a, b) for the Halbach 
sensor and in Fig. 3.4.1.2 for the “profile MOUSE”.  
Fig. 3.4.1.1 The 
b) Sandstone
inverse Laplace transform of. a) Granite samples measured with Halbach array and
 sample measured with Halbach array.  
a) b)
Fig. 3.4.1.2 The inverse Laplace transform of a) Granite samples measured with profile MOUSE and
b) Sandstone sample measured with profile MOUSE 
a) b)
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What we can notice at the first sight from the T2eff distributions of the granite sample 
that there is a big shift to the small T2eff values. We consider that this shift is a result 
of diffusive attenuation of the CPMG decay measured with profile MOUSE.  
erse Laplace transforms of the T2eff decays we can 
say that we have a multiexponential decay. For the purpose of finding T2 values, we 
found 
sented in the Table 3.4.1.1 and 
Table 3.4.1.2. We cannot compare the results measured with the two sensors, but 
we can compare the measurements made with the same type of sensor.  
 
Table 3.4.1.1 Fitting results of data acquired with the Halbach sensor.  
 
In the second column of the Table 3.4.1.1 and Table 3.4.1.2 we have the 
logarithmic area of the inverse Laplace transform. We can notice the consistent trend 
in these values for two separate measurements. The water content is low in Inada 
g
Sample Logarithmic 
area 
A1 T21   
[ms] 
A2 T22   
[ms] 
A3 T23  
[ms] 
From the graphs of the inv
that we can fit reasonably well the CPMG decay of sandstone with a 
biexponential function: 
y = A1*exp(-t/T21) + A2*exp(-t/T22) + y0       (3.4.1.1) 
and we need a triexponential fitting  
y = A1*exp(-t/T21) + A2*exp(-t/T22) + A3*exp(-t/T23) + y0     (3.4.1.2) 
for the granite sample.  The fitting results are pre
 
 
Table 3.4.1.2 Fitting results of data acquired with the profile MOUSE. 
Inada  
Okazaki  
Shiramine  
2.019 
3.236 
8.184 
11.14 
22.41 
143.66
24.04 
15.06 
0.83 
22.28 
33.66 
40.25 
149.06 
95.14 
6.71 
12.11 
15.38 
560.55
358.79
 
Sample Logarithmic 
area 
A1 21    
[ms] 
A2 T22   
[ms] 
A3 T23   
[ms] 
T
Inada  
Okazaki  
Shiramine  
0.147 
0.19 
0.545 
0.82 
0.89 
8.74 
1.49 
1.79 
0.83 
1.43 
1.27 
3.73 
18.35 
16.23 
6.08 
1.24 
2.10 
 
56.30 
42.77 
 
ranite, medium in Okazaki granite, and large in Shiramini sandstone.  
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3.4.1.3 Conclusions 
NMR is a powerful method for non-destructive determination of porosity in porous 
media
 to count for the influence of diffusion and paramagnetic 
impurities.  
3.4.2 Stone
oatings for 
of corrosion and abrasion has increased dramatically. These coatings are applied to 
the surface with the intention to reduce 
in the upper few millimeters of ration of the atmospheric 
precipitations inside the building constr
water due to the capillary forces. The effectiveness of the multi-layer coatings 
depe  durabi per   th  applied to e 
surfaces, the properties of the building constructions, and the climatic conditions. The 
urability properties of the coated surfaces change with their orientation toward 
t ques res re t es he s of eriora  
weathering and thermal aging properties of e coatings the succe  
preserv fforts in te a ton ns on n l 
Understanding the degradation mechanisms 
coating technologies. NMR is a method widely used for determination of chemical 
structure analysis of polymers, their phase composition, physical and chemical cross 
linking, molecular mobility, to study crystallization and melting kinetics, morphology 
and st
is positioned 
. We can definitively find information about water content in porous media and 
pore size distributions. The inverse Laplace transform can give us information about 
the pore size distribution but the interpretation is somehow difficult for the NMR-
MOUSE, and we have
 
 conservation  
 
3.4.2.1 Introduction 
In the past decade, the use of multi layer organic polymers and silica c
protecting concrete, steel and other industrial substrates from the degrading effects 
pore sizes and modify the wetting properties 
 a wall. They prevent penet
uctions and decrease lifting of the subsoil-
nds on their lity pro ties, the way in which ey are th
d
climatic attacks.  
Importan tions of inte t a o ass
 thes
s t tate 
 and 
det tion,
ss of
ation e concre nd s e co ervati  by u ilatera NMR. 
will lead to improved materials and 
ructural changes. Microscopic properties of polymers relate their macroscopic 
properties. 
There is a big variety of the conventional NMR techniques that is used for 
characterization of polymers. This normally requires that a sample 
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inside the NMR probe. In unilateral NMR, the magnetic field is applied to the sample 
 the durability of multi-layer organic polymer coatings on concrete, and to 
stimate the average lifetime of such coatings. Objects like the walls of buildings or 
 can be investigated non-destructively up to one 
obile NMR equipment to the object and by 
® on the spot to be measured.  
rast profile was conveniently obtained from 
the echo decay, by plotting the integral of
from one side.  
 
3.4.2.2 Measurements on concrete samples with multi layer polymer coatings 
with the NMR-MOUSE®  
 
One topic of practical interest in application of NMR-MOUSE® is its use to determine 
aging effect,
e
different concrete constructions
centimeter in depth by carrying the m
placing the NMR-MOUSE
We tested a series of the concrete samples coved with an epoxy resin and 
multi layers of polyurethane and acrylic dispersions (kindly provided us by the 
Institute für Bauforschung, RWTH Aachen). The transverse relaxation was measured 
with the profile NMR MOUSE. A CPMG sequence with a short echo time of 0.045 ms 
was used. Each measurement took 3-4 minutes. The sensitive volume of the sensor 
was tuned to 6 mm distance from the surface of the rf coil at 10.67 MHz frequency. 
The profile NMR sensor was shifted towards the sample by a mechanical lift with a 
step width of 180 µm, and its sensitive volume moved inside the sample in the same 
way (Fig.3.4.2.1). The transverse relaxation time T2eff and the intensities extrapolated 
from CPMG echo envelopes measured at different depth inside the samples were 
plotted versus the depth. A relaxation cont
 the echo amplitudes in a certain time 
window relative to the amplitudes integrated in the initial window.  
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profile NMR 
MOUSE 
lift 
Fig. 3.4.2.1 A mechanical lift with a precision of 0.01 mm and the profiling NMR sensor for slice
selection measurements inside the objects. 
 
The sensor used in these measurements was presented in Section 3.2. The 
stepping technique is preferred for depth measurements over the frequency variation 
technique because it is far more simple and accurate. The intensities of the CPMG 
envelopes are proportional to the amount of protons in the slice, and the T2eff values 
indicate the material properties. In general, the harder the material is, the shorter is 
T2eff. From the intensity profiles the thickness of the individual layers for all tested 
concrete samples was determined with the accuracy of the slice thickness. 
a) b) c)
d) e) f)
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Fig. 3.4.2.2 Schematic structures of the concrete samples: a) sample 1, d) sample 2, g) sample 3.
Intensity profiles characterizing the amount of protons in different polymer layers versus depth: b) in
sample 1, e) in sample 2, h) in sample 3. T2eff relaxation time profiles versus depth indicate the
material properties: c) sample 1, f) sample 2, k) sample 3. 
g) h) k)
Sample 1 is from concrete covered with two different layers: a) very thin acry
persion and acrylic with sand (Fig. 3.
lic 
dis 4.2.2a). In the intensity profile (Fig. 3.4.2.2b), 
the first layer on the surface of the sample 1 is measured with very low signal-to- 
noise 
nt layers: 
wrinkled surface based on polyurethane, polyurethane layer filled with sand, elastic 
polyurethane layer, and epoxy resin with sand (Fig. 3.4.2.2d). The intensity profile of 
this sample clearly discriminates four different regions (Fig. 3.4.2.2e). A wrinkled 
surface based on polyurethane is detected with very poor signal to noise ratio 
because it is not flat. The second region between 0.6 - 2.6 mm is a polyurethane 
layer filled with sand. As the polyurethane in this layer is mixed with sand, the 
amount of protons and the intensities are less than in the third elastic pure 
polyurethane layer which is between 2.6 - 3.9 mm depth. The T2eff values 
characterizing the same type of material - polyurethane in the second and the third 
layers are the same (Fig. 3.4.2.2f). The fourth layer of epoxy resin between 4.0 – 4.7 
mm contains a smaller amount of protons than the polyurethane layers, and the 
intensity falls off. The T2eff values of epoxy resin are lower too because the epoxy is 
more rigid than the polyurethane. When the sensitive volumes of the sensor reaches 
the concrete the intensity and T2eff are nearly zero. 
ratio because the surface of the sample is not flat. The second layer of acrylic 
with sand is clearly detected by increased intensities of the CPMG and T2eff values 
(Fig. 3.4.2.2c). When the sensitive volume of the sensor goes out of the second layer 
to the concrete, which is very poor with protons, the intensities go down and the T2eff 
values jump near the noise level. The intensity profile (Fig. 3.4.2.2b) correlates with 
the thickness values of the layers (Fig. 3.4.2.2a) and shows that these layers can 
well be identified. Sample 2 is from concrete covered with four differe
 
 
 64
The third sample is from concrete covered with a topcoat based on epoxy 
resin, followed by a polyurethane layer filled with sand, and a base coat of epoxy 
resin (Fig. 3.4.2.2g). The top epoxy resin layer is detected with poor signal-to-noise 
ratio as the filling factor of the sensitive volume is not good enough due to the 
wrinkled surface of the sample. When the sensitive volume of the sensor matches 
the polyurethane layer filled with sand the intensities and T2eff values increase (Fig. 
3.4.2.2h, k). 
 
 
less variation characterizing the same type of material – polyurethane. At a depth of 
around
 of the polymer layer coatings can 
be estimated. 
The intensity profile of the polyurethane layer shows some inhomogeneity
because of different concentrations of polyurethane and sand. The T2eff profile has
 6 mm we reached the depth limit of our sensor and did not reach the epoxy 
resin layer and concrete region. To quantify the experimental error, the 
measurements were repeated a few times with the same concrete sample 2 and the 
same experimental parameters of the CPMG sequence (Fig. 3.4.2.3). It is obvious 
from Figure 3.4.2.3 that the measured depth intensity profiles are identical and the 
reproducibility is high. 
 
Therefore, the transverse relaxation measurements with the profile NMR-MOUSE® 
can discriminate different polymer layers in depths up to 6 mm. Heterogeneity of 
multi layer polymer coatings and changes in their properties can be identified with 
high accuracy and non-destructively. The thickness
Fig. 3.4.2.3 Reproducibility of the intensity profiles versus depth measured in concrete sample 2 with
same experimental parameters. 
 the
 
 
 65
3.4.2.3
The NMR-MOUSE  is a technique suiting this requirement [Sha2003, 
Blü2004]. To reduce the water exchange of the stone in historical buildings organic 
polymers or silica are coated to the surface of the walls with the intention to lower the 
pore sizes and alter the wetting properties in the upper few millimetres of the stone. 
The wetting properties of the stone and the treatment can be analysed with the NMR-
MOUSE®. 
 In the Paffendorf castle a sandstone window frame treated with conservation 
agent and an untreated one were investigated with the CPMG sequence. The 
maximum depth of the measurements was 10 mm. The experimental time was about 
25-30 minutes. The T  distributions obtained from inverse Laplace transformation of 
the CPMG envelopes with the UPEN program are presented in Fig. 3.4.2.4. The 
istribution indicates, that there is more water in the big pores of the untreated frame 
 Characterization of wetting properties and stone conservation treatment 
The NMR method is widely used to characterise porosity and pore size distributions 
of several types of porous media. In most cases, the relaxation time value is 
proportional to a pore size filled with water. However, in some cases, such as stone 
in historical buildings or drill cores from high depths, non-destructive testing methods 
are required.  
®
Fig. 3.4.2.4 T2eff distributions of treated and untreated window frames of the Paffendorf castle. 
 
2eff
d
than in the treated one. On the other hand, there is more water in small pores in the 
treated frame. It could be interpreted in a way that the amount of water in big pores in 
the treated wall decreased after treatment with silica. The relevant fit parameters of 
the CPMG envelope at the depth of 7 mm inside the wall are listed in Tab. 3.4.2.3. 
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Table 3.4.2.3 Fit parameters for CPMG decays of treated and untreated window frames 
 
The T2eff values are longer for the untreated wall than that of the treated one. A 
larger content of water is observed in the untreated wall compared to the treated one 
at a depth of 7 mm. Therefore, the relaxation time distributions give us information 
about the wetting properties of the building materials and the effectiveness of their 
treatment. 
 
3.4.2.4 Conclusions 
The information acquired by unilateral NMR with the NMR-MOUSE® shows that 
mobile unilateral NMR can indeed be used for discrimination of multi layer polymer 
coatings on concrete, implying the identification and analysis of their aging process, 
and the elucidation of their degradation mechanisms, and the definition of 
metho
 in their properties can be discriminated using the relaxation time profiles 
measu
Sample Depth 
[mm] 
T2eff short
[ms] 
T2eff long 
[ms] 
Untreated 
Treated with 
7 0.37 1.79 
silica 7 0.31 0.86 
dologies for lifetime prediction.  
From these first investigations one can conclude that: 
1. The measurements conducted with unilateral NMR on the concrete samples 
coated with the polymer multi layers show that multi layers can be characterized with 
the NMR-MOUSE®. The material of the polymer layer coatings on concrete and 
differences
red with the profile NMR-MOUSE®. The thickness of the polymer layer 
coatings on concrete can be estimated with high accuracy and non-destructively 
using the NMR parameter profiles. 
2. Based on a relaxation analysis, partial wetting and treatment of building walls 
can be characterized non-destructively with the NMR-MOUSE®. 
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4. Material Characterization by High-
Field NMR 
 
.1 Self-diffusion anisotropy of small penetrant 
ns of molecular self-diffusion provide important information on molecular 
organization and interactions with the environment in many systems [Kär1998, 
lü2000]. The diffusion of small atoms and molecules through 
 more dynamic in character and include the 
ecules and polymer network 
[Du
r coil. In recent NMR studies of rubber elasticity, 
the
py of 1H and 2H has 
been used intensively in the last decade to measure the dipolar correlation effect, 
homonuclear and heteronuclear residual dipolar couplings, and corresponding 
dynamic order parameters [Dem2001, Dem2004]. Another potential method to this 
purpose is self-diffusion of small molecules, which are soluble within the polymer 
network. As these molecules diffuse within the deformed network, they occasionally 
collide with the polymer segments and suffers anisotropic steric hindrance. The 
4
molecules in deformed elastomers 
 
4.1.1 Introduction  
Investigatio
Cal1991, Kim1997, B
polymeric solid especially in the rubbery state, i.e., at temperatures above the glass 
transition temperature Tg, has long been a subject of theoretical and experimental 
research [Cra1968, Ste1981]. Much of the theoretical work in this field falls into two 
categories: free-volume models that focus on the statistical distribution of holes in the 
lattice, and molecular models that are
nature of the interactions between penetrant mol
d1996, Vre1997a, Vre1997b, Vre1997c, Vre1993, Vre1994a, Vre1994b, Vre1996, 
Vre1998, Vre2003a, Vre2003b, Ton2001a, Ton2001b]. Moreover, the extensive 
development in recent years of techniques for the computer simulation of polymeric 
systems provides a new approach to gain insight into the nature of diffusion. 
A well-known consequence of the theory of rubber elasticity is segment 
orientation [Erm1997]. Deformation of an elastomer induces anisotropy of the 
backbone segments of the polyme
 mechanism of deformation and the orientation of network chains has received 
increasing attention. One and two-dimensional NMR spectrosco
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diffusing molecules “inherit” the orientational order of the host network, albeit 
t molecules in highly stretched cis-polyisoprene has reported 
 coefficients are essentially isotropic and elongation 
independent [Mee1981]. Recently, the anisotropy of self-diffusion of toluene in 
o NMR method [Fec2003]. 
easured along and perpendicular to the direction of the compression force. The 
ases with increasing compression and cross-link density.  
4.1.2 
significantly reduced by a numerical factor whose magnitude depends on the subtle 
details of the averaging of the molecule-segmental interaction. Nevertheless, a study 
of diffusion of penetran
that the self-diffusion
uniaxially compressed natural rubber samples with different cross-link densities was 
detected using the pulsed-gradient stimulated spin-ech
The effective diffusion coefficients and the displacement probabilities of toluene were 
m
diffusion anisotropy incre
 The effect of the shape and flexibility of diffusing molecules have been 
investigated in the past [Sto1989, Mau1990, Mee1991]. Significantly, anisotropic 
molecules of plasticizers in rubbery poly(vinyl  chloride) were found to diffuse more 
rapidly than expected on the basis of their molecular volume. The diffusion of these 
molecules in glassy hosts is itself anisotropic, i.e., more rapid along the long axis of 
the diffusant molecules.  
The main goal of this work is to discuss a theoretical model for the existence 
of diffusion anisotropy of small penetrant molecules in a deformed polymer network. 
The prediction of this model is tested by the diffusion anisotropy of toluene and 
normal alkane molecules (CnH2n+2 with n = 6, 7, 8, and 10) incorporated in cross-
linked natural rubber by swelling. 
 
Free-volume treatment of diffusion 
The free-volume theory [Kär1998, Cra1968, Ste1981, Dud1996], in the formulation 
and parameters of Vrentas et al [Vre1977a, Vre1977b, Vre1977c, Vre1993, 
Vre1994a, Vre1994b, Vre1996, Vre1998, Vre2003a, Vre2003b] has been applied to 
evaluate the self-diffusion coefficients of small penetrant molecules in glassy and 
rubbery polymers. The concept central to the free volume theory is that movement 
through the available free volume governs diffusion of small penetrants in polymeric 
matrices. Thus, the diffusion coefficients predicted by the theory are strongly 
dependent on the “space filling” properties of both penetrant and polymer matrix. 
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 The basic formulation used by Vrentas at al. [Vre1993, Vre1994a, Vre1994b, 
Vre1996, Vre1998, Vre2003a, Vre2003b] for the prediction of the diffusion coefficient 
in an isotropic rubbery polymer - solvent system is based on the expression: 
 
( )
⎪⎭
⎪⎬
⎫
⎪⎩
⎪⎨
⎧ +−−−= γ
ξ
/ˆ
ˆˆ1
lnln
*
2
*
1
*
01
FH
pp
V
VwVw
RT
EDD ,         (4.1.1) 
where D1 is the diffusion coefficient of the penetrant (hereafter species 1), and the 
polymer is component 2. D0 is an effectively constant preexponential factor and E* is 
the effective energy per mole that a molecule needs to overcome attractive forces, R 
is the universal gas constant, T is the absolute temperature, and wp is the polymer 
weight fraction. The specific hole free volume required for a jump of penetrant and 
*ˆ *ˆpolymer are denoted by 1V  and 2V , respectively. It is primarily through the “size 
parameter” ξ , that the solvent size influences the diffusion process. The value of ξ  
is estimated as follows [Vre1996]: 
     
⎟⎟
⎞
⎜⎜
⎛ −+
=
A
L
L
11 ξ
ξξ ,            (4.1.2) 
⎠⎝ B
where ( ) *201 ~/0~ VVL =ξ  and ( )0~01V  is the molar volume of the equilibrium liquid solvent 
(penetrant) at KT 0= . The aspect ratio of the solvent molecule is BA /  and *2~V  is 
the critical free volume per mole of jumping units required for a jump.  
 The average hole free volume per unit mass of the mixture is denoted by Vˆ , FH
and γ  is an average overlap value in the mixture. The quantity  is related to the 
umber of jumping units of components 1 and 2 and the average hole free volume 
r rubbery systems  can be 
FHVˆ
n
 γ/ˆFHVper mole of jumping units of these components. Fo
calculated as follows [Vre1998] 
   ( ) ( )
2
2
121
1
11
ˆ
1
ˆ
γγγ
FHp
gp
FH VwTTKKwV +−+−= ,       (4.1.3) 
where 11K  and 21K  are free-volume parameters for the solvent, 1γ  represents the 
overlap factor for the free volume of the pure component 1, and 1gT  is the glass 
transition temperature of this component. The quantity γ/ˆ 2FHV  depends on whether 
the system is above or below the glass transition temperature of the polymer matrix 
2gT . The quantity γ  is an overlap factor which is introduced because the same free 
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volume is available to more than one molecule. For the rubbery state, i.e. for 2gTT > , 
we can write [Vre1998] 
    ( ) ( )[ ]0ˆˆ G TTfTVV −+= α ,                       222222 gHgFH
where  is the specific volume of the polymer at , 2  is the fractional hole 
  (4.1.4) 
( )202ˆ gTV 2gT GHf
volume of the polymer at 2gT , and 2α  represents the thermal expansion coefficient 
for the equilibrium liquid-polymer. The parameters GHf 2  and 2γ  are given by: 
     2222 Kf
G
H α= ,                    (4.1.5) 
and 
     
( )
212
22
0
2
/2
~
γ
αγ
K
TV g ,          (4.1.6) 
where 22K  is one of the polymer free-volume constants, and 212 /
=
γK  is a polymer 
free-volume parameter. The free-volume parameters  and 22K 212 /γK  are stated to 
to1989]: 
     
be calculated by the expressions [S
( )2222 gCK =  ,           (4.1.7) 
and  
( )( ) ( )2221
0
2
2
12
303.2
ˆ
gg CC
=γ ,          (4.1.8) 
where 
0VK
( )21gC  and ( )22gC  are the WLF constants of the polymer. 
 
4.1.3 Diffusion anisotropy 
In order to evaluate the diffusion coefficients of the small penetrant molecules in a 
deformed polymer network it is necessary to establish a model for the deformation. 
We will consider the simplest model of affine volume changes of deformed elastomer 
gels. In the case of uniaxial deformation the network is either stretched or 
ingle direction (hereafter the z-direction). For affine volume 
 
deformation with deformation ratio 
compressed in a s
deformations, the other two dimensions of the network in the x and y directions adjust 
so that the sample volume remains constant. For a volume-conservative uniaxial 
0/ zz LL=λ , where , and  are the initial and 0zL zL
final dimensions along the z direction, the deformation tensor in the deformation 
principal axis frame is given by: 
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00
00 2/1 .        (4.1.9) 
The deformed vector, that characterizes the deformed network, can be written as 
      
⎟⎟
⎟
⎠
0LL
rtr λ=
 In the following we will make the assumption that the network deformation will 
affect the diffusion coefficients only via the size p meter
.        (4.1.10) 
ara  ξ  given by Eq. (4.1.2). 
etrant mole es in  uniaxially deformed polymer 
ork can be written from Eqs. (4.1.1) and (4.1.2) as 
The diffusion tensor of small pen cul  a
netw
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where the unit tensor is denoted by 1
t
 and the size parameter tensor is given by 
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00t
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⎠⎜⎝ z00
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 uniaxial deformation
ξ
 yx ξξ = . For an
 For a quasi-spherical molecule the aspect ratio is 1A / ≈B , and from Eq. 
(4.1.2) we get Lξξ
tt ≈ . As a further assumption we request that only *2~V , i.e., the 
p, is a function of the 
eformation ratio
critical free volume per mole of jumping units required for a jum
d  λ . Finally we can write: 
    ( )
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L .       (4.1.13) 
 The degree of anisotropy of the diffusion process can be evaluated in an 
uniaxially deformed polymer network by combining Eqs. (4.1.11) to (4.1.13). Finally, 
we get 
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The dependence of ⎟⎟⎠
⎞
⎜⎜⎝
⎛
zz
xx
D
D
1
ln  on the deformation ratio 1 λ  can be separated from the 
other network parameters by taking the natural logarithm of both sides of Eq. 
(4.1.14), i.e., 
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The above equation describes the cases of polymer network compression ( 1<λ ) as 
well as elongation ( 1>λ ).  It is noted again, that the main assumption that leads to 
Eq. (4.1.15) is that none of the quantities involved in Eqs. (4.1.3) to (4.1.8) is 
Materials. A series of differently cross-linked samples from commercially available 
natural rubber (NR) SMR10 (Malaysia) was investigated. A description of these 
Alkane solvents such as n-hexane, n-heptane, n–octane, and n–decane were 
e solvents and u ne w e inc
cross-linked natural rubber samples NR1, NR4, and NR7 by swelling at room 
from the vulcanised sheets and dried over-
night in a vacuum desiccator. The samples were then immersed in the test solvents. 
solvent 
. s done within 30 - 40 s, the error owing to 
evaporation of other than surface absorbed liquid is considered insignificant. The 
nts are expressed as moles of liquid 
of NR [Roh1987]. The quantity  measured in mole % was determined as 
essentially affected by the network deformation. This will be justified bellow by the 
agreement of our experiments with the above assumption and the theory. 
 
4.1.4 Experimental section 
materials is given in section 3.2.3.3 and Table 3.2.2. 
obtained from Sigma-Aldrich. Thes tol e er orporated into the 
temperature. Circular samples were cut 
At regular intervals, the test samples were removed from the and damp dried 
for 5-10 s between filter papers to remove the excess solvent on their surface. In 
order to establish the sorption kinetics they were than weighted immediately with an 
electronic balance Because weighting wa
results of sorption experime  sorbed by 100 g wQ
wQ
( ) ( ) %100/ ⋅=
rubberofweightInitial
solventofweightMolecularsolventsorbedofWeightQw  . 
The disk-shape samples of natural rubber were exposed to toluene and alkane 
um value was reached (see Fig. 4.1.2). 
Besides the exposure to the liquid solvents, swelling in alkane vapours was also 
tested. In the limit of experimental errors the diffusivities do not change as a function 
ol. 
solvents for several hours until the equilibri
of the swelling protoc
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4.1.5 NMR measurements 
1H frequency of 299.870 MHz on a The NMR experiments were performed at a 
Bruker DMX-300 spectrometer. The diffusivity of toluene and alkane solvents in the 
NR samples was measured with the pulse gradient stimulated echo (PGSE) method 
at the temperature of 293 K [Cal1991, Kim1997, Blü2000] The radio-frequency pulse 
sequence and pulsed magnetic field gradients separated by the diffusion time ∆  are 
shown in Fig. 5.1.1. The stimulated-echo attenuation factor by ordinary diffusion is 
given by [Cal1991, Kim1997, Blü2000]. 
   ( )( ) ⎭⎬
⎫
⎩⎨
⎧ ⎟⎠
⎞⎜⎝
⎛ −∆−=exp
0E
qE
3
2 δDq ,        (4.1.16) 
where πδγ 2/Gq =  is the reciprocal space vector, γ  is the magnetogyric ratio, G is 
the gradient strength and δ  is the duration of the pulsed gradient. An effective 
diffusivity D is measured by the fit of the experimental data with Eq. (4.1.1). The 
effective diffusivity is due to the heterogeneities of the samples. Moreover, the 
diffusion coefficient D depends on the diffusion time ∆  [Fec2003]. This anomalous 
diffusion can be described by the relationship 1−∆∝ kD . It was shown that in 
compressed NR the diffusion coefficient becomes anisotropic but the dependence on 
the diffusion time is mainly isotropic.[Fec2003] 
Fig. 4.1.1 Pulse gradient stimulated echo (PGSE) scheme for measuring self-diffusion coefficients. Th
magnetic field gradients Gi
perpendicular to this field (i = 
e
 are applied along the direction of the static magnetic field (i = z) and
x or y). These pulsed gradients have the duration δ  and a separated by
the diffusion time  ∆ .
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The parameters of the pulse sequence shown in Fig. 4.1.1 were: 13.5 µs 900-
z direction. A home-build device was used to 
apply compression forces along the direction of the static magnetic field. The device 
is composed from a screw and a teflon cylinder in a glass tube. From the number of 
wer
tion deviates from the regular Fickian 
trend in agreement with previous measurements made on other samples of natural 
rubber and reported in [Fec2003].  
 
 
 
pulse length, 1 s recycle delays, 0.474 T/m maximum strength and 1 ms duration of 
the gradient pulses. The gradient strength was changed in 64 equidistant steps. The 
diffusivities of the organic molecules were measured for two gradient orientations 
parallel (z direction) and perpendicular (x direction) to the static magnetic field. The 
proton signal of the elastomer gives a constant contribution to the amplitude of the 
stimulated echo that was taken into account in the data processing. The uniaxial 
compression was applied parallel to the 
turns of the screw we can measure the compression ratio.  
 
4.1.5 Results and discussion  
The measurements of the anisotropy of the diffusion coefficients were done on 
toluene swollen at equilibrium in NR4 and a series of alkane solvents on NR1, NR4, 
and NR7. For the last case the mole percent values e plotted against the total 
immersion time in Fig. 4.1.2. 
  In every case the kinetics of solvent sorp
 tQ  
 
 
 
 
 
 
 
 
a) b)
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 hours the equilibrium 
concentrations of the solvent were reached for each NR sample. In all the diffusivity 
were investigated at the equilibrium 
 
 
 
 
 
 
 
 
 
 
These measurements show that after about two
Fig. 4.1.2 Mole percent wQ  of alkane solvent uptake of crosslinked rubber samples NR1 (a), NR4 (b),
and NR7 (c) at 200 C. 
c) 
measurements the natural rubber samples 
concentrations of toluene, n-hexane, n-heptane, n-octane, and n-decane. 
The measured normalized amplitudes ( ) ( )0/ EqE  (cf. Eq. (4.1.16)) of the 
stimulated echoes can be fitted for all samples and solvents by a single exponential 
decay function, which depends on the square of the reciprocal space vector . Two 2q
examples of these decays are shown in Fig. 4.1.3 for n-hexane, and n-decane 
swollen at equilibrium in uniaxially compressed NR1 (cf. Table 4.1.1) for a 
compression ratio 5.0≈λ , a diffusion time s1=∆ , and two orthogonal orientations of 
the magnetic field gradient.  
 
a) b)
Fig. 4.1.3 Normalized stimulated echo decays of the natural rubber sample NR1 (see Table 3.2.2)
for a diffusion time of s1=∆ , and uniaxial compression along the z-direction with compression ratio
of = 5.0λ . The decays are depicted for the equilibrium swelling in n-hexane and n-decane in (a)
and (b), respectively. The data were fitted with an exponential decay (continuous lines). 
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 A weak diffusion anisotropy is observed for all the solvents. For the alkane 
solvents, as well as toluene, the stimulated echo decays for the x and z gradient 
orientations depend on the NR cross-link density [Fec2003]. The effective diffusion 
tensor components  (i = x, z) in the laboratory reference frame, can be obtained 
from an exponential fit of the stimulated echo data in  (Fig. 4.1.3). 
 and  on the equilibrium mole 
percent Qw of alkane solvents in NR1 and NR7 are shown in Fig. 4.1.4a and 4.1.4c, 
r mass of the solvent. This can be 
explain
along the 
deform
 For all solvents the anisotropy of the effective diffusivity defined by 
iiD
2q
xxD zzDThe dependences of the diffusivities 
respectively. It is evident from these graphs that the difference zzxx DD −  does not 
change much with the change in the mola
ed by the fact that in the investigated range of molecular mass of solvents, the 
molecules explore approximately the same free volume, and the microscopic 
parameters of diffusion do not essentially change from solvent to solvent. 
Furthermore, the average differences in the diffusivity measured 
ation direction and perpendicular to this direction do not essentially change 
from NR1 to NR7 (see Fig. 4.1.4a and 4.1.4c). This behaviour was also reported for 
toluene swollen in the cross-linked natural rubber samples NR1-NR7 [Fec2003]. 
( ) isozzxxD DDDa /−= , where the isotropic value is ( ) 3/2 zzxxiso DDD += , increases with 
the cross-link density (cf. Figs. 4.1.4b and 4 ) and the molar mass of the alkane 
solvents. This effect is mainl
.1.4d
y due to the changes in the values of  for different 
solvents and cross-link densities. 
 
isoD
 
 
a) c) 
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b) d) 
Fig. 4.1.4 Effective diffusivities D  and D  of alkane solvents for NR1 (a 7 (c) for a
compression ratio of 5.0
) and NRxx zz
=λ  and a diffusion time of s1=∆ as a function of the equilibrium mole
percent parameter wQ . The diffusion tensor anisotropy Da  versus wQ for NR1 (b) and NR7 (d) for
different alkane solvents. 
 
  The displacement probabilities or propagators [Kär1998, Cal1991, Kim1997, 
Blü2000]) of n-hexane and n-decane molecules diffusing in the uniaxially 
compressed sample NR1 were obtained for ∆  = 1s and 5.0≈λ  after Fourier 
transformation of the stimulated echo decays. These propagators are shown in Fig. 
4.1.5 for two gradient field orientations relative to the compression direction. Similar 
to the case of toluene swollen in NR4, which has been reported previously 
ven by Gaussian functions for all the 
alkane solvents investigated. This is consistent with other cases of self-diffusion 
[Kär1998]. The width of the propagators is related to the av e molecule 
displacement that is correlated wit
[Fec2003], the shape of the propagators is gi
erag
h the diffusivity.  
 
b)a) 
Fig. 4.1.5 Displacement probabilities of n-hexane and n-decane measured in NR1 under
uniaxial compression for 5.0≈λ  in the x  (a) and z (b) directions orthogonal and parallel to the
direction of compression 
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Therefore, as expected, Fig. 4.1.5 shows that the diffusivity of n-decane is 
slightly smaller than the diffusivity of n-hexane in both directions. Moreover, the 
diffusivity along the x direction is larger than that along z direction (cf. Figs. 4.1.5a 
and 4.1.5b).  
The dependence of the diffusion coefficients  and  of toluene on the 
compression ratio 
xxD zzD
λ  is shown in Fig. 4.1.6a for the sample NR4. For about the same 
range of compression ratios the changes in the n-hexane diffusivities for sample NR1 
 the validity of the assumptions invoked in 
the derivation of Eq. (4.1.15), the quantity 
are shown in Fig. 4.1.7a. In order to test
( ){ }zzxx DD /lnln  is represented as a 
f { }unction of λλ /1ln − . These dependences are shown in Fig. 4.1.6b and 4.1.7b
or both samples N d NR4 and two solve luene and n-hexane, the above
ependence can be well fitted by a straight line. As predicted by Eq. (4.1.15) the 
2/3− . 
F R1 an nts, to  
d
slopes of these lines are close to unity being independent of the sample/solvent 
properties. The above facts show that the Eq. (4.1.15) derived in the approximation 
of penetrant molecules with the size parameter Lξξ ≈  describes the dependence of 
diffusion anisotropy measured by the ratio zzxx DD /  on the deformation ratio λ  in a 
good approximation. We note that the relationship (4.1.15) is also valid for natural 
rubber with different cross-link densities. 
The toluene and n-hexane molecules have different aspect ratios. The values 
for BA /  were evaluated in Ref. [Vre1996] using the ADAPT software [Roh1987]. 
The reported values are: for toluene solvent in poly(vinyl acetate) (PVAC) 
≈BA / 0.805, and for n-hexane in the same polymer ≈BA / 0.454 [Vre1996]. 
Therefore, based on Eq. (4.1.2), the size parameter of the toluene molecules fulfilled 
the condition Lξξ ≈ . If the assumptions made for derivation of the dependence of Lξ  
on the deformation ratio λ  are justified the dependence described by Eq. (4.1.15) will 
be in a good agreement with the experimental data. This is indeed the case as 
shown in Fig. 4.1.6b. Indirectly, that shows that the aspect ratio of toluene in cross-
linked natural rubber is also close to unity as in the PVAC case [Vre1996]. 
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The behaviour of n-hexane is expected to be different because the aspect 
ratio is about half of that of toluene in PVAC. Nevertheless, the correlation of the size 
parameter and aspect ratio based on the results reported in Ref [Vre1996] leads to 
hexanentoluene −≈ ξξ . Because for n-hexane in PVAC, the product 
a) b)
Fig. 4.1.6 (a) Diffusivities xxD  and zzD  of toluene as a function of the compression ratio λ
⎟⎟⎠
⎞⎜
⎝
⎛ −
B
A
L 1ξ  is smaller 
than unity we finally get L
⎜
ξξ ≈ [Vre1996]. This can explain why also for n-hexane Eq. 
(4.1.15) describes the dependence of the diffusion anisotropy on the network 
deform
that of 
ation in a good approximation (cf. Fig. 4.1.7b). Moreover, for n-hexane it is 
plausible to assume a wide range of conformations as their dihedral angle potentials 
are relatively flat and average shape of the molecule in the polymer matrix is close to 
toluene. 
measured for NR4. (b) The correlated dependence of ( ){ } { }λλ /1ln − 2/3−zzxx DD /lnln  and for
the data shown in (a). The solid line is the best fit to this dependence according to Eq. (4.1.15). 
a) b)
Fig. 4.1.7 (a) Diffusivities  and  of n-hexane as a function of the compression ratio  xxD zzD λ
measured for NR1. (b) The correlated dependence of ( ){ }zzxx DD /lnln  and { }λλ /1ln 2/3−−
for the data shown in (a). The solid line is the best fit to this dependence according to Eq.
(4.1.15). 
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 Alkane molecules with larger molar mass like heptane and octane wich have 
smaller values of the aspect ratio BA /
zzxx D
 (see Ref. [Vre1996]), and the general Eq. 
(4.1.2) has to be used. This is likely to lead to a different dependence of the diffusion 
anisotropy measured in terms of  on the deformation ratio D / λ . This is a topic 
of further investigations.  
 
4.1.7 Conclusions 
A small diffusion anisotropy of the order of 10% was detected for several alkane 
molecules swollen at equilibrium in cross-lin les. This mainly 
reflects the deformation of the free volu
increases with the cross-link density and the compression ratio. The difference 
between the diffusion coefficients along and 
than the equilibrium value.  
The fun
molecules in elastomers on the deformation ratio was derived together with professor 
use their shape enhances the availability of hole free volume.  
ked natural rubber samp
me under the compression. The anisotropy 
perpendicular on the direction of the 
uniaxial compression is not very sensitive to the molar masses of the alkane solvents 
used. The diffusion anisotropy is difficult to detect for a solvent concentration lower 
ctional dependence of the diffusion anisotropy of the penetrant 
D. E. Demco [Dem2005] based on the following assumptions:  
a) The diffusion process can be described by the microscopic theory of 
Vrentas et al. [Vre1997a, Vre1997b, Vre1997c, Vre1993, Vre1994a, Vre1994b, 
Vre1996, Vre1998, Vre2003a, Vre2003b]. In this theory it is assumed that most 
penetrants of interest jump as single units. Large, asymmetric molecules can jump as 
single units beca
*
2
~Vb) Only the quantity , i.e., the critical free volume per mole of jumping units 
required for a jump is supposed to be a function of the deformation ratio.  
c) The aspect ratio is close to unity, i.e. the size parameter ξ  is not a function 
of BA / .  
d) The change of the free volume follows the uniaxial deformation of a polymer 
network and can be approximated by an affine transformation.  
e) The diffusion anisotropy is described and measured along and 
perpendicular to the direction of the uniaxial deformation. 
 the 
an ze parameter
The results presented in this study show that the solvent size influences
isotropy of the diffusion process through the si  ξ . Hence, information 
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on the effect of solvent size, shape, and flexibility on the diffusion process can be 
refined by measuring the size parameter anisotropy for a wide variety of solvents 
diffusing in different polymers. The anisotropy of diffusion can be used for NMR 
investigations of the theories of polymer networks deformation in the presence of 
penetrant solvents. 
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5 Investigation of the Thermal Ageing 
in Polyamide 4,6 by 1H Transverse 
Magnetization Relaxation and Spin-
iffusion NMR 
 
5.1 Introduction 
Many materials like polymers, composite materials, and biomaterials show 
microheterogeneities in both structural and associated dynamical properties. For 
instance, most useful commercial polymers are heterogeneous with properties that 
critically depend upon the dimensional scale of the different component structures in 
the material. This is the case for partially crystalline polymers, blends and 
composites, segregated block copolymers, filled and plasticized systems [Cow1996, 
Ham1998]. Such distributed microstructures can be probed by a variety of methods 
like scanning electron microscopy (SEM), field ion and atomic force microscopy 
(AFM), small-angle X-ray scattering,  wide-angle X-ray diffraction (SAXS and WAXD), 
and small-angle neutron scattering (SANS). Solid state NMR offers many techniques 
for characterizing heterogeneous materials at the molecular, mesoscopic, and 
macroscopic levels [McB1993, Sch1994, Blü2000]. Moreover, an advantage of solid-
state NMR methods over scattering techniques is that NMR does not require 
samples with long-range order. 
One established NMR method to investigate domain sizes and morphology of 
heterogeneous polymers is based on the magnetization exchange after production of 
a z magnetization gradient by a dipolar filter [McB1993, Sch1994, Gol1996, Cla1993, 
Van1996, Dem1995, Idi1996, Wan1996, HuW2000, Bud2003a, Bud2003b] (and 
references therein). These spin-diffusion experiments are suitable to investigate 
different aspects of structural heterogeneities in a broad range of spatial dimensions 
from 0.5 nm to about 200 nm. Therefore, the spin-diffusion method provides 
information about spatial relations between different phases or molecular segments 
on a 0.5 – 50 nm length scale, which extends below the resolution limit of electron 
microscopy of organic materials. 
D
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Solid-state NMR methods can be applied to characterize polyamide 4,6 
(PA46) a new engineering plastic, which has been introduced in the last decade. This 
polymer is currently manufactured by DSM under the trade name of Stanyl. 
Polyamide 4,6 has a high concentration of amide groups, where successive amide 
groups are equally spaced, but with opposite polarity, and is characterized by a high 
flexibility of the polymer chains. Because of these properties PA46 has a higher 
melting temperature, a higher 
compared to the polyamide 6 an
crystallinity and a higher rate of crystallization as 
d 6,6. Therefore, PA46 is easily processed and has 
xcellent properties particularly at high temperatures: high stiffness, good toughness, 
 fatigue resistance, and high thermal stability. Because of 
pin-diffusion NMR to characterize the ageing effects 
on the
e
high creep resistance, high
good mechanical properties at high temperatures, excellent resistance to wear, low 
friction as well as excellent chemical resistance, PA46 is used in the broad range of 
technical applications like automotive and electric&electronics industries. 
Recently, an NMR investigation on PA46 samples was reported in Ref. 
[Adr2001]. Proton magnetic resonance imaging, volume averaged 1H NMR 
transverse relaxation, and 2H quadrupolar echo spectra were used to study the water 
absorption by PA46. The higher amount and higher molecular mobility of water 
molecules detected in the PA46 plates investigated was explained by the 
substantially higher crystallisation rate of PA46 compared to the other polyamides 
[Elt 1992]. This is due to a larger mean distance between the amide groups in the 
amorphous phase of PA46.  
The aim of this work is to use a combination of differential scanning 
calorimetry (DSC), scanning electron microscopy (SEM), 1H transverse 
magnetization relaxation, and s
 rigid, amorphous phases and interphase of PA46 samples. The relative 
fractions and the segmental mobility of different phases are reported. PA46 
morphology and domain sizes measured using spin-diffusion NMR experiment are 
investigated as a function of the ageing time. These data are correlated with the 
information obtained from DSC and SEM. 
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5.2 E
 
xperimental section 
5.2.1. Materials  
The PA46 samples were prepared at DSM, The Netherlands. Injection moulded 
PA46 plates (80 x 80 x 4 mm) were prepared with a melt and mould temperature of 
3150 C and 1200 C, respectively. The plates used for DSC, TEM and NMR 
measurements were sawn out from the original plates. To reduce the absorbed 
water, the PA46 plates were dried at 1000 C for about 14 h.  
Ageing of PA46 plates was accomplished at 1850 C for variable time intervals 
between 32 and 1000 hours under N2-atmosphere. Polished 2 mm plates were 
obtained by removing 1 mm from the original 4 mm plate with emery paper P4000 
with grain sizes of 4 - 5 µm. The parameters of non-aged PA46 samples taken from 
[Elt1992] are given in Table 5.1 
Table 5.1 Characteristics of PA46 non-aged samples [Elt1992] 
 
Structure                                       (NH−(CH2)4−NH−CO−(CH2)4−CO)n
Crystallinitya (%)                                               60-70 
% water uptakeb                                                 12.4 
Tg (0C)                                                                 80 
Tc (0C)                                                                 260 
Tm (0C)                                                               290 
Crystallization rate at 
200 0C/minc                                                         >15 
 
a % crystallinity determined by WAXS 
b mass percentage of the water uptake by injection moulded plates at 35 0C 
c obtained from DSC 
 
5.2.2. DSC measurements  
The melting enthalpy ( ) and melting point (Tm) of non-aged and aged PA46 DSC 
were measured on a Perkin-Elmer DSC 7 instrument calibrated against indium and 
zinc. The DSC instrument was provided with a thermal analysis controller TAC/DX. 
Samples of 20-35 mg were introduced in aluminum perforated pans and run, at 10 
K/min, against reference of empty pans, under a nitrogen draft of 10 mL/min. The 
mH∆
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samples were measured from -80° C up to +280° C and the first heating curve was 
easurement is of 0.1° C (Fig. 5.1).  registered. The precision of the DSC m
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DSC curve of non-aged PA46 
. On cooling, the crystallisation 
xhibits a pattern of single peak 
o. The enthalpies in all cases have similar values, suggesting that the splitting of 
 different crystal phases, which form 
A plot of the two peak temperatures, measured by DSC for each material, 
Fig. 5.1 DSC plot of non-aged sample recorded for a heat-cool-heat cycle with 10 K/min 
 
One may observe the two peaks of the 
structure, melting at the first heating of the sample
appears as a single peak and the second heating e
to
the peak at the first heating might be due to
during ageing.  
versus the ageing time is given in Fig. 5.2. The plot shows that while the second 
peak has a slow but steady decrease with ageing time, the first one seems to 
converge toward the other for ageing periods from 0 to 200 hours, after which it starts 
to decay. The DSC of the material with 1000 hours ageing exhibits a single peak, like 
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for all the samples at the second heating. This behaviour allows us to suggest that 
the first peak appears due to a metastable phase which, after a certain ageing 
period, transforms into the normal crystalline phase. 
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5.2.3 Proton NMR measurements 
in a standard 5 mm NMR tube. The duration of the applied 
 µs for the 180° pulse. The dwell time 
was 5 
not detected in these experiments. 
gure 5.2 The variation of the peak temperatures recorded at first heating with ageing time 
 
The proton transverse magnetization relaxation was measured on a Bruker Minispec 
NMR – mq20 spectrometer at a proton resonance frequency of 20 MHz. Carr-Purcell-
Meiboom-Gill (CPMG) [Mei1958] T2 NMR relaxation experiments were performed on 
small strips of PA46 fixed 
pulses were 1.86 µs for the 90° pulse and 3.68
µs. The inter-echo time was 0.2 ms. Protons from rigid molecules like those in 
the crystalline and rigid amorphous phases, having a T2 of about 15 µs, are however 
Solid echoes were used for transverse magnetization relaxation editing the 
rigid fractions of the samples. The dead time of the spectrometer is 10 µs, and the 
dwell time of 0.5 µs was used. The spectrometer was equipped with a BVT3000 
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variable temperature unit. The achieved temperature stability was ± 0.1 °C. The NMR 
experiments were performed at 40 °C.  
were measured on a Bruker DSX-500 spectrometer 
Proton solid-state NMR spectra, DQ build-up curves, and spin-diffusion data 
operating at 500.45 MHz for 1H. 
he data were collected at controlled temperature of 344 K for non-spinning samples 
with 4mm probe. The dead time of the spectrometer is 5.5 µs. The length of a π/2 
pulse was about 3.5 µs, the dwell time was 1 µs, and the recycle delay was 5 s for all 
measurements.  
The proton spin-diffusion measurements were performed using the general 
scheme consisting of a double-quantum (DQ) dipolar filter, a spin-diffusion period, 
and an acquisition period as presented in Fig. 5.3. The gradient of magnetization was 
created by the dipolar filter that excites DQ coherences (Fig. 5.3) and selects mainly 
the magnetization of rigid phase [Bud2003a, Bud2003b]. The pulse sequence is 
based on the two pulses acting during the excitation and reconversion periods. The 
value of the excitation/reconversion time is τ= 7 µs corresponding to the rising region 
of the DQ build-up curve for each sample.  
pectra were decomposed into three components 
using 
spin-diffusion process, as can be seen in the decay and build-up curves of the rigid 
T
Fig. 5.3 Scheme for spin-diffusion experiments with a DQ filter. The first two pulses excite DQ
coherences that evolve for a short time tDQ. These coherences are converted by the next two pulses to
z-magnetization. The spin diffusion takes place during the time interval of duration td. The last pulse
reads the distribution of magnetization between different phases. 
The experimental wide-line s
the DMFIT program [Mas2002]. The integral area of the NMR spectra is 
approximately constant for the entire range of diffusion times, demonstrating that the 
spin-lattice processes do not affect significantly the spin diffusion experiment. The 
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and mobile components is complete for a time scale smaller than the T1 value, so 
that no correction of the experimental data is needed. The T1 of the investigated 
sample
46 samples. 
  
 
s is in the order of 1s [Adr2001]. 
 
5.3 Results and discussions 
 
5.3.1 Phase composition and segmental dynamics from the line 
widths  
Proton NMR spectra of PA46, recorded in static conditions, are presented in 
Fig. 5.4. The proton spectra for all samples have been decomposed into three 
components. The best fitting parameters have been found by decomposing the 
spectra into Gaussians for the two components and a pure Lorentzian line for the 
third one. The broad component, associated with the Gaussian line, corresponds to 
the rigid phase. The Lorentzian line associated with the narrow component of the 
spectra describes the mobile amorphous phase. An interphase described by a 
Gaussian line shape was detected for all PA
 
 
 
 
 
 
 
 
 
 
 
 100 0 -100 
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1H spectrum 
non-aged PA 46
Fi
lin
g. 5.4 Proton NMR spectrum of non-aged PA 4,6 sample decomposed in three components (thin
es). The broad and narrow lines correspond to rigid and mobile domains, respectively.  
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The phase composition of the investigated TPU samples is shown in Fig. 5.5 as a 
function of aging time. The measurements reveal an increase of the rigid phase with 
increasing aging time. Moreover, the concentration of the interphase decreases and 
is almost constant for the mobile component. For the rigid phase and the interphase, 
the dependences on the aging time is not monotonic, but
Fig. 5.5 Relative concentrations of rigid, interface and mobile phases in PA46 as a function of the
aging time. The data were obtained from the spectral decomposition of the 1H NMR spectrum. 
 reaches a maximum and a 
interphase and rigid phase, respectively. The aging process will 
crease the amount of crystalline phase at the expense of the interphase. The aging 
rocess does not essentially affect the amount of mobile component. The line widths 
t the half intensities of the NMR spectral component for rigid, interphase and mobile 
hases are shown in Fig. 5.6 as a function of aging time. 
 
minimum for 
in
p
a
p
Fig. 5.6. Full line width at the half intensity 2/1ν∆ for the rigid, interface, and mobile components of
PA46 as a function of aging time. The data were obtained from the spectral decomposition of the 1H
MR spectrum. N
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It is evident that not only the amount of the rigid phase increases with the aging time 
but also the segmental mobility is reduced mainly due to an increase in chain 
packing. The segmental mobility of the interphase increases slightly with the aging 
time and remains almost constant for the mobile component. 
 
5.3.2 Double-quantum dipolar filter 
In spin-diffusion experiments the equilibration of spatially heterogeneous 
magnetization over the sample is observed. To create a gradient in the 
magnetization, a dipolar filter which excites double-quantum (DQ) coherences can be 
u t 
ri riate 
 
The maxima of the DQ build-up curves appear at very short 
The initial slope of the DQ build-up curves in the initial regime of the 
sed. The DQ filter can be set so as to select the magnetization only from the mos
gid part of a heterogeneous sample. By choosing an approp
excitation/reconversion periods τ (Fig. 5.3) of double-quantum coherences, the 
magnetization corresponding to the stronger dipolar couplings will pass through the 
filter and that of the weaker dipolar couplings is filtered out. 
The value of τ can be chosen by recording a DQ build-up curve as shown in 
Fig. 5.7 for the non-aged PA46 sample, and the ones aged for 64 h and 1000 h, 
recorded using the five-pulse sequence with a spin-diffusion time of td =7 µs (Fig. 5.3).  
Fig. 5.7 Proton DQ build up curves for the non-aged PA46 samples, and the samples aged for
64 h and 1000 h. The dashed lines correspond to the excitation/reconversion times τ  chosen
for recording the DQ edited spectra are shown in Fig. 5.8. 
excitation/reconversion times τ, of about 10 µs for all investigated PA46 samples. In 
this range of τ values, the mobile component is completely filtered out (see below). 
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excitation/reconversion times is related to the residual van Vleck second moment 
[Dem2004] of the rigid phase. Figure 5.7 shows that residual dipolar interactions do 
not change essentially during the aging process.  
Nevertheless, the maximum for the PA46 sample aged for 1000 hours is 
lightly shifted towards smaller τ values. This is in the agreement with the 
cted in the spectral line width of the rigid 
 5.3 filters out the rigid 
phase
which still keeps the filter efficiency close to unity with a reasonable value of the 
signal–to–noise ratio. The use of this type of filter is more advantageous than that of 
a dipolar filter for mobile domains because of a more accurate detection of the 
narrow signals on top of a broad component compared to the detection of a broad 
component under a narrow signal. This is valid especially at short diffusion times 
when the magnetization of one of the components is very small.  
s
measurement of the segmental mobility refle
phase (cf. Fig. 5.6). The long-time aging induces the increase of polymer chain 
packing and reduction in segmental mobility. The DQ filtered spectra for different 
values of the excitation/excitation times τ are shown in Fig 5.8 for the non-aged PA46 
sample. For short τ values the DQ filtered 1H spectrum edits only the strongest 
dipolar coupled spin-pairs dominated by the methylene protons. The spectrum is a 
Pake doublet as shown in Fig. 5.8a.  In the region of the maximum of the DQ build-up 
curves the pulse sequence edits a dipolar network of many spins. For longer 
excitation/reconversion times the pulse sequence of Fig.
, and partially the interface phase. The 1H spectrum in Fig. 5.8c is partially 
resolved, showing resonances form methylene and amine protons. 
The value of τ=5 µs has been chosen for the dipolar filter of the rigid domain, 
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Fig. 5.8 Proton DQ filtered spectra for different τ values measured using the pulse sequence of
Fig. 1 with tDQ=5 µs and td=5 µs for the non-aged PA46 sample. The NMR spectra (a)-(c)
correspond to τ =5, 10, and 20 µs, respectively. 
 
5.3.3 Proton spin diffusivities 
 
The spin diffusion coefficients have to be evaluated in order to estimate the domain 
sizes of aged PA46 samples. Taking into account that the line shapes for the spectral 
compo
iven by (see Ref. 
em1995]), 
nents are in a good approximation decomposed into Gaussian and Lorentzian 
line shapes, the spin-diffusion coefficients can be evaluated using the formalism 
presented in [Dem1995]. The spin-diffusion coefficients can be expressed in terms of 
the local dipolar field, so that the spin diffusivities are related to the spectral line width 
∆ν1/2.  
The equations describing the spin-diffusion coefficients for rigid or quasi-rigid 
(Gaussian line) and mobile (Lorentzian line) regions are g
[D
21
2
R 2ln212
1 ν∆π rD = ,                       (5.1) 
nd a
[ ] 21212M 61 ν∆αrD = ,              (5.2) 
here α is the cut-off parameter of the Lorentzian line, ∆ν1/2 is the full line width at 
alf height and <r2> is the mean square distance between the nearest spins. The <r2> 
lues are expected to be close to the value in PA 6 samples. An estimation of <r2>  
w
h
va
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≈2/12rwas given for Nylon 6 fibres for which we take for PA 4,6 the value of 0.22 
nm. 
Proton spin diffusivities of rigid and mobile phases for the TPU samples are 
evaluated using Eqs. (5.1), and (5.2) and the line widths shown in Fig. 5.6. The spin 
diffusivities Drigid, Dinterface, and Dmobile are shown in Fig. 5.9 as a function of the aging 
time.  
 
spectra edited by the spin-diffusion experiment using the DQ filter (cf. 
Fig. 5.3) are shown in Fig. 5.10 for the non-aged PA46 sample. After a diffusion time 
of td = 250 ms, the 1H NMR spectrum (Fig. 5.10d)
 sample in thermodynamic equilibrium of the z-magnetization over different 
phases (Fig. 5.4). 
 
 
 
Due to the correlation between the D coefficients and the spectral line widths, the 
spin diffusivities show the same qualitative dependence on the aging time as the 
Fig. 5.9 Proton spin diffusivities for the rigid, interface and mobile domains as a function of aging
times. 
linewidths in Fig. 5.6. 
5.3.4 Dominant morphology established by 1H spin-diffusion  
Proton NMR 
 is similar to that obtained for the 
PA46
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The time dependent integral spin-diffusion intensities obtained for the non-
aged and 100 hours aged PA46 samples are shown in Fig. 5.11. The quasi-
quilibrium is reached after about 100 ms. The spin-diffusion process is faster for the e
aged PA46 due to larger spin diffusivities.  
Fig. 5.1 Proton spin-diffusion decay and build up curves for rigid, interface, and mobile domains
of non-aged and aged  (100 hours) PA46 samples. 
1 
100 0 -100 
ppm 
c) τ =5µs 
td=1 ms 
100 0 -100 
ppm 
d)
τ =5µs 
td=250 ms 
x 1.16
x 0.53 
Fig. 5.10 Proton spin-diffusion edited NMR spectra at different diffusion times td= 100 µs (a),
td=500 µ  s (b), td=1 ms (c),  td=250 ms (d) for the non-aged PA46 sample.
a) 
100 0 -100 
ppm 
τ =5µs 
td=100 µs 
b)
100 0 -100 
ppm 
τ =5 µs 
td=500 µs 
x 1 x 1.08 
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 The ability of NMR spin-diffusion experiments to provide self-consistent 
information on the dimensionality of the spin-diffusion processes has been analysed 
theoretically and compared  experimental data for a semicrystalline polymer in 
[Dem1995]. It was shown that the solutions of the spin-diffusion equations have 
different sensitivity to the dimensionality of the process as a result of different contact 
interface area for a given source volume. To simplify the data interpretation, the spin-
diffusion edited 1H NMR spectra were decomposed into two components. The rigid 
phase is characterized by diffusivity DR identical to Drigid (Fig. 5.9), and the mobile 
phase has a spin diffusivity 
with
( ) 2/int erface DDDM mobile+= . The errors introduced by this 
approximation are acceptable because the mobile phase has a concentration of 
about 2% (Fig. 5.5) and DDint . These data will be used for establishing 
the dominant morphology and the average domain sizes. For the non-aged PA46 
sample, the spin-diffusion curves are shown in Fig. 5.12. 
 
 
The crystallinities of the aged PA46 samples measured from 1H NMR spectra 
are around 90% and therefore, we can assume that the rigid phase is surrounded by 
the mobile phase. The DQ dipolar filter selects the initial polarization in the rigid 
phase that represents the source of magnetization. The relationships describing the 
time evolution of the integral intensities of the NMR signals 
erface >> mobile
Fig. 5.12 Proton spin-diffusion decay and build up curves for rigid, interface and mobile domains
of non-aged PA46. The lines correspond to the fits with the 1D, 2D, and 3D solutions of the spin-
diffusion equations (see text). 
( )tI R  and  for a 
fs. 
( )tI M
spin-diffusion process of dimensionality n (n=1, 2, and 3) can be obtained from Re
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[Wan1996] and [Bud2003]. The spin magnetization in the source region (R) for an n-
dimensional spin-diffusion process is given by: 
    ( ) ( )
nd
RRR
R
dxtxmtI ⎥⎥⎦
⎤
⎢⎢⎣
⎡≈ ∫
2/
0
,2ρ ,             (5.3) 
where Rρ  is the number density  of spins of the source R of size Rd , and ( )txmR ,  is 
the space and time dependent concentration of the nuclear z magnetization. The 
cylindrical or spherical morphologies are approximated in Eq. (5.3) by squares 
rectangles, and cubes, res ar filter that select only the 
magnetization of the R region, the magnetization in the sink region can be written as 
( ) ( ) ( ))0 tIItI RRM −= . The q
pectively. For a dipol
uantity ( )txmR ,  is given by [Wan1996]: 
( ) [ ] [ ] [ ]
[ ] [ ]{ [ ]
12
1
0
0 expcossin2, −
∞
=
−−+= ∑ mmRmm mMRMMRR RRRR tDxkdmdd
md
txm ββββρρ
ρ
 
[ ] [ ] [ ] } 1sinsin
coscos
−+−
−+×
mMmRRM
mMmRMR
kdddkd
kddkdd
ββσ
ββσ          (5.4) 
where  is the size of the sink, Md Mρ  is the number density of spins in the region M, 
, and ( ) 2/1/ MR DDk = MRk ρρσ /= . The quantities mβ , ( ...,3,2,1=m ) are the roots of a 
trigonometric equation defined in Ref. [Wan1996]. 
 The most probable dimensionality for the spin-diffusion process can be 
established knowing the equilibrium magnetization of the domains and average 
domain sizes. To this end, using simple geometrical arguments in the approximation 
of two phases, the following equations can be derived: 
     ( )
( ) ,3,111 3 caseDp =−+
where MRr
,2,1
2
,1,1
rE
caseD
pp
caseDrE
=+
=
            (5.5) rE
p
ρρ /= , and eqReqM MME ,, /= . The equilibrium magnetizations for the 
mobile and rigid domains are denoted eqMM , , and eqRM , , respectively. The ratio 
between the domain sizes Md , and Rd  is denoted by RM ddp /= .  
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Table 5.2 The spin-diffusion dimensionality ratios (cf. Eqs. (5)) for PA 4,6 samples 
with different aging times taging
dimensionality ratio (DR) DR 
(taging=0 h) 
DR 
(taging=1000 h) 
1D 
p
rE  1.10 .08 
2D 
  
1
)2( pp
rE
+  
 
1.18 
 
1.41 
3D 
( ) 11 3 −+ p
rE
 
1.19 
 
1.75  
 
 In the following the most probable dimensionality for the spin-diffusion process 
 discussed for the non-aged PA46 sample (Fig. 5.10). For this sample the quantities 
r and E have the values r =1.12, and E =0.088. These values are established 
curves shown in Fig. 5.10 were fitted with the solutions of the spin-diffusion equations 
for 1D, 2D and rphologies.
sionality the values of , and 
mellar in agreement with the 
previous results by wide- and low-angle X-ray diffraction [Atk1992, Hil1995, Jon1997, 
Ros2004]. The same lamellar morphology is detected for the PA46 sample aged for 
A46 samples aged at intermediate aging times no 
dramatic changes in the phase compositions and segmental mobility were put into 
evidence (Figs. (5.3) and (5.4)). The dimensionality for the spin-diffusion process 
 one-dime  
 
is
independent of the spin-diffusion process. The spin-diffusion decay and build-up 
 3D mo  These were taken as a product of 1D spin-diffusion 
solutions (Eq. (5.4)). For each spin-diffusion dimen  Md Rd  
were established from the best fit. These values were used to estimate the ratio p 
and finally the dimensionality ratios given by Eqs. (5.6). These ratios are shown in 
Table 5.2. The ratio with the value closer to unity corresponds to the 1D morphology. 
Therefore, the morphology of the non-aged PA 46 is la
1000 hours (Table 5.2). For the P
remains nsional. 
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5.3.5 Effective domain sizes 
 
T cess was s n in the previous section to be one-
dimensional. The solutions of th -diffusion equ ed in 
[Bud2003b] were used for evaluation of the rigid ( ), interface ( ), and mobile 
 domain s zes. For this purpose composition of the 1H NMR spectra in 
three components was considered (Fig. 5.2). 
The domain sizes for the non-aged and aged PA46 samples are shown in Fig. 
5.13. In the ageing process the domain sizes of the rigid phase decreases sharply 
even from the beginning but increases by about 20 % after 1000 hours of aging time.  
A possible explanation for this effect is the crystallization of the interface around the 
ystalline phase detected by densification. This is supported by the decrease of the 
he 1H spin-diffusion pro how
e 1D spin ations discuss
Rd d
( Md )
I
i the de
cr
size of the interface. The domain sizes of the rigid phase are larger than those 
detected by low-angle X-ray diffraction of about 6 nm performed on single-crystals 
mats [Atk1992]. This can be related to the inaccuracy in the evaluation of the spin-
diffusion coefficients. The aging process does not seem to affect essentially the 
domain sizes of the mobile phase (Fig. 5.13).  
 
Fig. 5.13 Effective domain sizes for rigid Rd  (squares), interface Id  (circles), and mobile Md
(stars) phases as a function of the aging time.
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5.4 Conclusions 
The NMR investigation shows that the aging process affects mainly the rigid phase 
and the interphase, and to a little extend the mobile phase. The amount of rigid 
phase increases at the end of the aging process, and the segme tal mobility is 
chain packing. A process of disordering in the crystalline structure followed by 
reorganization takes place in the range of 60
n
reduced due to the ordering of the polymer chains from the interface and to polymer 
-200 hours of aging time. An opposite 
proces
 
 
 
 
 
 
 
 
 
 
 
 
s is present for the interphase. Contrary to intuition, the mobile amorphous 
component is not essentially affected by the aging process. 
The most probable morphology is one-dimensional for the PA46 samples in 
the full range of aging times. That was established by comparison of the equilibrium 
magnetizations and the domain size ratios obtained from the simulation of the spin-
diffusion process using 1D, 2D, and 3D solutions of the spin-diffusion equations.  
The correlation of macroscopic, mesoscopic, and microscopic material 
properties can be used to reach a deeper understanding of the behavior of many 
classes of heterogeneous polymers. The results of this work stress the importance of 
the mesoscopic information in this endeavor. 
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6 General Conclusions 
ool for measuring porous 
sample
igh 
viscos
- quality control of chemical products.  
water content determination inside the walls of buildings 
determination of multilayer polymer coatings on a concrete. 
In high-field NMR several alkane molecules swollen at equilibrium in cross-linked 
natural rubber samples have been investigated and analyzed based on the 
assumptions of the Vrentras theory. A small diffusion anisotropy of the order of 10% 
has been discovered because of a deformation of free volume under compression. 
The anisotropy increases with the cross-link density and the compression ratio. The 
results presented in this study show that the solvent size influences the anisotropy of 
the diffusion process through the size parameter. Hence, information on the effect of 
solvent size, shape, and flexibility on the diffusion process can be refined by 
measuring the size parameter anisotropy for a wide variety of solvents diffusing in 
different polymers. 
 he spin-diffusion measurements have been performed on Stanyl samples 
with different aged times, under the controlled temperature conditions. The NMR 
investigation shows that the aging process affects mainly the rigid phase and the 
interphase and to a little extend the mobile phase. The amount of rigid phase 
 
NMR is an amazing tool for investigation and characterization of normal and 
advanced materials. In this work the experiments have been performed at both low 
and high field. The experiments cover various domains from simple relaxation 
experiments in low field to diffusion and spin-diffusion in high field.   
 The measurements of porosity and pore size distribution are made with the 
help of a new mobile magnet, the Halbach magnet. The Halbach scanner has a 
higher sensitivity than the NMR MOUSE®. This is a special t
s, and is very good for use on ocean drilling platforms because it is light and 
mobile. The Hahn and stimulated echoes have been implemented for diffusion 
measurements in a new NMR sensor, the profile NMR-MOUSE. Its strong and 
uniform gradient make this magnet perfect for diffusion experiments, even for h
ity liquids or restricted diffusion in porous media, like tendon or rubber. The 
method has shown its potential for testing the theory of polymer swelling and for 
determining the pore-to-volume ratio and pore sizes in rocks. The applications of low-
field investigations are:  
- 
- 
T
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increases at the end of the aging process, and the 
to the ordering of polymer chains from the inte
segmental mobility is reduced due 
rface and due to polymer chain 
acking. A process of disordering in the crystalline structure followed by 
be used to reach 
t
 
 
p
reorganization takes place in the range of 60-200 hours of aging time. An opposite 
process is present for the interphase. The most probable morphology is one-
dimensional for the PA46 samples in the full range of aging times. The correlation of 
macroscopic, mesoscopic, and microscopic material properties can 
a deeper understanding of the behavior of many classes of heterogeneous polymers.  
 To summarize, in this work we have approached various types of NMR 
investigations. The common goal of hese experiments is to reach a deeper 
understanding of the material microstructure, using various techniques and 
combining the information obtained. Methods like molecular diffusion can give 
information about structures with several orders of magnitude smaller then other 
conventional techniques, and spin-diffusion is the only investigation capably to give 
information about the interface and the amorphous regions. In conclusion, NMR is 
powerful method of investigation with many applications discovered in its 60 years of 
existence, and has many more fields of research waiting to be explored. 
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Appendices 
 
Apendix A: Restricted diffusion 
Determination of apparent diffusion coefficient 
 
The simplest example of restriction comes from random walks with reflecting and 
absorbing boundary condition at a wall [Cha1943]. These restricted walls give rise to 
non-Gaussian distributions. There are at least a couple of ways of deriving these 
results: either solving the diffusion equation with a reflecting (or absorbing, or, more 
general, partially absorbing) boundary condition or by looking at random walks 
[Cha1943] and counting the paths that get bounced back (or absorbed) at the wall. 
We consider the one-dimensional problem. The probability G(x, t; x1)∆x that a particle 
starting at x1 at time t=0 is found between x and x+∆x, after time t (the coarse 
graining distance ∆x>>1, the unit step size) is [Cha1943]: 
( ) ( )[ ]tDxxe
tD
xtxG 0
2
1 4/
0
1
4
1;, −−= π ,    ∞≤≤∞− x , 
( ) ( )[ ] ( )[ ]tDxxtDxx ee
tD
xtx 0
2
10
2
1 4/4/
0
1 4
1;, +−−− += π ,  ∞≤≤ x0 , reflecting wall G
( ) ( )[ ] ( )[ ]tDxxtDxx ee
tD
xtxG 0
2
10
2
1 4/4/
0
1 4
1;, +−−− −= π ,   ∞≤≤ x0 , absorbing wall. (7.1) 
The mean square-displacement is given by the integrals over x and x1 of the 
propagator Eq (7.1) times the displacement squared (x-x1)2 times the initial density of 
walkers M(x1,0): 
( ) ( ) ( ) ( 1121
0 0
1
2
1 ;,0, xtxGxMxxdxdxxx −=− ∫ ∫∞ ∞ ).               (7.2) 
For normalization, it is convenient to take, instead of the semi-infinite space to the 
right of the wall, a large but finite domain 0<x<LS and sprinkle the walkers uniformly 
with density 1/ LS, so M(x1,0)= 1/ LS. In the limit LS>> LD= tD02  (i.e. at early times), 
we find, upon integration, 
( )
0
1
2
)( D
t
xx
tD =−= ,  
for unbounded water 
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⎥⎥⎦
⎤
⎢⎢⎣
⎡ −=
SL
tD
DtD π3
4
1)( 00 ,            (7.3) 
for restricted water. 
e derivative of the mean-square An easy way de derive Eq. (7.3) is to evaluate the tim
displacement 
( ) ( ) ( ) ( ) ( ) ( ) ( )2 1121
0 0
10
1
1
2
1
0 0
1
1
0,0,
x
xMxxdxdxD
t
xMxxdxdx
t ∂−=∂−=∂ ∫ ∫∫ ∫
(7.4). Here we have used the diffusion equation to replace the time derivative of the 
propagator G(x, t;x
2
;,;, xtxGxtxGxx ∂∂− ∞ ∞∞ ∞∂
1). Next, integrating Eq. (7.4) by parts, and using the reflecting 
boundary condition Eq. (19) with ρ=0 gives Eq. (7.3). This result, Eq. (7.3) is for a 
single wall. For 3D diffusion we get:  
( ) ( ) ( )
0
2
1
2
1
2
1
6
)( D
t
zzyyxx
tD =−+−+−= ,  
and for unbounded case: 
 ( )
⎥⎥⎦⎢
⎢
⎣
−=
SV
D π910        
⎤⎡ tDS
tD
4 0              (7.5). 
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